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Background 


Analysis of High Speed Flow, Thermal 
and Structural Interactions 


The research program began at the University of Virginia on June 1, 1989, with a 
series of one-year grants that ran through May 31, 1992. On June 1, 1992, a three year 
grant began that was to run through December 31, 1994. In a telephone call on March 16, 
1994, the Technical Monitor informed the Principal Investigator that the grant was terminated 
effective December 31, 1993, due to a lack of funds. Research support during the grant period 
was supplemented by a parallel grant from the Aircraft Structures Branch at NASA LRC. 

Research Tasks 

Work in the grant focused on five tasks: (1) the prediction of severe, localized 
aerodynamic heating for complex, high speed flows, (2) finite element adaptive refinement 
methodology for multi-disciplinary analyses, (3) the prediction of thermoviscoplastic 
structural response with rate-dependent effects and large deformations, 

(4) thermoviscoplastic constitutive models for metals, and (5) coolant flow/structural heat 
transfer analyses. 

Research Progress 

Task 1 : The research in Task 1 centered on development of an adaptive finite element space- 
marching algorithm applicable to problems governed by the parabolized Navier-Stokes 
equations. A space marching algorithm was developed and implemented for the Euler 
equations. The computer program was validated for inviscid problems with classical 
solutions including flow over a cone. A strategy for adaptive remeshing in cross-planes 
was developed and implemented. The two-dimensional remeshing program was tested 
extensively and was used in research under Tasks 2 and 5. The next step involved 
developing an approach for connecting adaptive meshes in two successive cross-planes. 
An approach was developed and implemented using tetrahedral elements. The adaptive 
space marching scheme was being evaluated at the time the grant was terminated. A 
Ph.D. dissertation describing the research is expected in late 1994 or early 1995. 

Task 2: In the first two years of the research Professors Morgan and Peraire from the U.K. 

were supported through the grant, and they contributed significantly to this task. Their 
research has been reported directly to the Technical Monitor. Little effort was made at 
UVA for the development of finite element methodology for multidisciplinary problems. 

An attempt was made in Task 5 to use adaptive remeshing to model heat transfer in a 
convectively cooled plate. The objective was to model conduction in the plate and forced 
convection in the coolant. The attempt showed that some major programming difficulties 
are encountered in adaptive remeshing for this type of problem. Among these difficulties 
are: (1) nodes must be constrained to lie on the fluid-solid interface line within the 
mesh, and (2) different error indicators must be used for elements in the fluid and 
solid. These difficulties suggested the need for development of a completely new 
algorithm and computer program which was beyond the scope of the UVA effort. 
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Task 3: A significant effort was made in the investigation of the prediction of 

thermoviscoplastic structural response. Finite element investigations were first 
conducted for the thin plates in plane stress. Then work focused on development of a 
finite element algorithm for plate bending. At the same time an experimental program 
was conducted to provide data for validation of the finite element analysis. 

In the experimental program Hastelloy-X plates were subjected to series of tests with 
transient localized heating at increasing levels. At low heating levels, the plate behavior 
was elastic, and at high heating levels the plate behavior was inelastic. Temperature, 
displacement and strain data were collected. 

In the initial development of the nonlinear finite element analysis a constant strain 
triangle (CST) was used to represent the membrane behavior and direct Kirchhoff 
triangle (DKT) was used to represent plate bending. Element performance was evaluated 
first for a series of classical small and large deflection elastic problems. For these cases 
element performance was excellent. Then the experimental Hastelloy plates were 
analyzed for large displacement elastic behavior. For these tests agreement between 
analysis and experiment was good in the linear range but not very good in the nonlinear 
range. Typically greater nonlinear deflections were predicted than seen in the 
experiment. After careful study, the conclusion was reached that the discrepancy was 
related to the CST. The hypothesis was that the membrane stresses were not computed 
accurately and were adversely affecting the response in the large deflection range where 
membrane-bending coupling occurs. A higher-order membrane element was developed 
and was in the final stage of implementation in the computer program when the grant 
was terminated. 


Task 4: An experimental material characterization program was conducted to provide data for 
Bodner-Partom constitutive models. Tests were conducted for Hastelloy-X and 
aluminum alloy 8009 for a broad range of strain rates and temperatures. Parameters 
for the Bodner-Partom constitutive models were determined for monotonic loading. 

Task 5: Two investigations were conducted for finite element modeling of coolant flow and heat 
transfer analysis. In the first study a new finite element algorithm was developed to 
analyze low speed coolant flows with temperature-dependent density. The algorithm was 
validated with comparisons to published constant density solutions. A locally heated, 
convectively cooled plate was analyzed, and the effect of the variable density assessed. 

In the second study adaptive remeshing was used to model low speed variable density 
flow. The solution algorithm employed was based on an equal order velocity and pressure 
interpolation scheme introduced by Schnipke and Rice. For some test problems the 
adaptive remeshing approach improved solution quality, but for other problems there 
was no clear benefit provided by remeshing. In some problems, a graded structural 
mesh produced better results than adapted unstructured meshes. 

Grant Publications 

The research progress described in the tasks above is documented in conference papers, 
journal articles and theses. In addition, the enclosed report "Experimental Study of Hastelloy-X 
Plate Buckling Deformations Induced by Spatial Temperature Gradients" documents the plate 
tests with complete experimental data. 
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ABSTRACT 


An experimental study of plate buckling induced by spatial temperature 
gradients is described. A rectangular Hastelloy-X plate is subjected to local line 
heating by a focused quartz heat lamp. Two parallel plate edges are maintained at 
constant temperature by coolant flow. Point supports provide well-defined thermal- 
structural boundary conditions. Test results including temperatures and 
displacements from transient elastic and inelastic tests demonstrate that 
substantial plate bending occurs due to initial plate warpage and thermally 
induced membrane compressive stresses. 
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INTRODUCTION 


As hypersonic vehicles accelerate at high speeds in the atmosphere, shocks sweep across the 
vehicle interacting with local shocks and boundary layers. These interactions expose structural 
surfaces to severe local pressures and heat fluxes. One example of these interactions is leading 
edges of integrated engine structures which experience intense, highly localized aerothermal 
loads. Reference 1 studies issues relevant to the thermal-structure response of hydrogen cooled, 
super thermal-conducting leading edges subject to intense aerodynamic heating. Reference 2 
describes a three dimensional thermal structural analysis of a swept cowl leading edge subjected 
to skewed shock-shock interference heating. The analysis shows that due to the intense localized 
heating, the thin elastic leading edge experiences very large (300 ksi) local compressive stresses. 
The high level of these compressive stresses suggests the possibility of localized inelastic behavior 
and/or local buckling. 

Until recent years the study of structural response at elevated temperatures due to dynamic 
loads was not possible because of an inability to model inelastic material behavior. Over the last 
twenty years, unified viscoplastic constitutive models have evolved to meet this need. These 
constitutive models provide a means for representing a material's response from the elastic 
through the plastic range including strain-rate dependent plastic flow, creep and stress 
relaxation. Rate-dependent plasticity effects are known to be important at elevated temperatures. 
Unified constitutive models implemented in finite element programs provide an important 
simulation capability. Finite element analysis with unified constitutive models have been under 
development for about 15 years. Reference 3 describes these efforts and presents a 
thermoviscoplastic finite element computational method for hypersonic structures. Applications 
of the approach to convectively cooled hypersonic structures illustrate the approach and provide 
insight into the transient viscoplastic behavior at elevated temperatures. 

Reference 4 presents a comprehensive literature review of research on thermal buckling of 
plates and shells since the first work in the 1950s. An assessment of past research is made, and 
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future research needs are highlighted. Since the original investigations of Heldenfels and 
Roberts 5 and Gossard, Seide and Roberts 6 , numerous investigators have studied thermal buckling 
and thermal postbuckling of plates. Until the 1980s most studies were performed for isotropic 
plates, but in the 1970s research was initiated for laminated composite plates. Almost all of the 
work has assumed: (1) perfectly flat initial configurations and (2) elastic behavior. With the 
exception of the original papers 5 - 6 and the recent paper by Teare and Fields 7 , all of the 
investigations have been analytical or computational; there have been no further experimental 
studies. There is a need for further experimental studies of thermally induced buckling for both 
isotropic materials and laminated composites. Applications to aircraft structures strongly 
suggest that experimental programs be conducted for plates with spatial temperature variations. 

The purpose of this report is to describe progress in the Thermal Structures Laboratory to 
investigate experimentally the nonlinear response of plates subjected to localized heating. One 
objective of the experimental program is to provide data that can be used for validation of finite 
element viscoplastic analyses. The report begins with a description of a heat lamp 
characterization study. Then the thermal buckling experimental program is presented including 
a description of the test fixture, the plate heating procedure, thermal-structural boundary 
conditions and the instrumentation employed. Experimental results for heat fluxes, temperatures 
and displacements are presented and discussed. Data are presented to permit correlation with 
elastic and inelastic analyses. 
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HEAT LAMP CHARACTERIZATION 

To achieve the strongly nonlinear plate bending response associated with high 
temperatures, significant levels of heating must be applied locally to the plate surface. Incident 
heat fluxes on the plate as it deforms must be known if temperature histories are to be predicted 
accurately. In the current study a concentrated high intensity infrared heat lamp is used to apply a 
heat flux to the test plate. A lamp characterization program has been undertaken to define the 
incident heat flux. 

The heat lamp used in the test program (Research Inc., Model 5215-16) utilizes a tungsten 
filament quartz lamp and an elliptical reflector to concentrate the incident flux along a narrow 
focal line. The model employed is based on a 2.0 in. focal distance and concentrates the flux 
along a focal line of about 0.1 in. nominal width. The lamp is designed for industrial 
applications such as weld joint heating, line seam brazing, wire processing, etc. The reflector 
body is water-cooled, and the quartz lamp is air-cooled. At a rated voltage of 240 volts the heat lamp 
power rating is 1.6 kW (1.52 Btu/s), and at 480 volts the lamp power rating is 4.7 kW (4.46 Btu/s). 

Several orientation tests were conducted with preliminary test plates instrumented with 
thermocouples to provide experience with lamp operation and familiarity with the incident heat 
flux distribution. Additionally, a few preliminary tests were made to measure incident heat flux 
distributions. These tests showed that there was a significant level of incident heat flux outside of 
the nominal 0.1 in. heated width and that the flux varied along the lamp length. Lower heat flux 
levels occurred near the lamp ends. 

Since the intent of the test program was to provide a well-defined thermal environment, a 
lamp characterization program was conducted. A test fixture and test program was developed to 
determine the heat flux variation with lamp power and the incident flux spatial distribution. 

Billet tests were also performed to determine the emissivity of the incident surface used in the 
characterization program. 
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Lamp Characterization Testa 


A schematic of the test fixture is shown in Fig. 1. The quartz heat lamp is operated with a 
process controller (Research Inc., Micristar, Model 28) and a SCR power controller (Research 
Inc., Model 664). The programmable process controller produces a 4-20 mA signal proportional to 
the control output percent. The phase angle power controller attenuates the 480 VAC line voltage at 
a level set by the signal supplied by the process controller. When attached to a purely resistive load, 
the supplied power is proportional to percent control output hereafter denoted as P. 

To survey the incident heat flux supplied to a surface by the heat lamp a test fixture was 
constructed. The fixture shown in a photograph in Fig. 2 consists of the quartz lamp and a copper 
incident heated surface mounted on an x-y table. Both are supported by a thick aluminum plate. 

The quartz heat lamp can be moved by a manually operated lead screw along the z axis to vary the 
distance between the lamp and the incident heated surface. The incident heated surface is moved 
under the heat lamp using the x-y cross-table. Stepper motors turn lead screws which drive the x-y 
platforms. Stroke lengths are 12.4 in.(350 mm) in the x direction and 7.9 in.(200 mm) in the y 
direction. The lead screw has a pitch of 0. 16 in (4 mm) per revolution. Using half-step control the 
stepper motors have 200 steps/revolution resulting in a resolution of 0.00079 in. (0.02 mm) . 

The coordinate system used for the lamp calibration tests is shown in Fig. 5. The origin is 
taken at the center of the lamp focal plane and is fixed in space. The focal plane corresponds to the 
top of the heated surface for z=0. For z>0, the heated surface has moved towards the lamp, and for 
z<0, the heated surface has moved away from the lamp. 

Incident heat flux was measured on the surface of an 18.0 in. x 2.25 in. x 0.75 in. copper 
bar. The copper bar has seven 1.375 in. dia. x 0.1875 in. circular holes machined along its 
centerline every 2.0 in. on center. The bar was actively cooled by chilled water flowing through 
two copper cooling tubes attached in grooves machined in the lower surface of the copper bar. 
Incident heat flux was measured with three foil-type heat flux gages (RdF Corporation, P/N 20453-3 
or P/N 20453-2). The heat flux gages were permanently mounted using a structural adhesive 
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(Hysol Aerospace Products part number EA 9394) in a 0.5 in. x 0.5625 in. x 0.02 in. cutout in a 
copper disk, which was machined to fit into the holes in the actively cooled surface. Copper inserts 
were placed in the four remaining holes in the surface. The arrangement of the gages is shown in 
Fig. 4. Mounting the gages on copper disks, which could be removed from the heated surface, 
allowed them to be sent to NASA Langley Research Center for calibration. The surface, disks and 
gages were painted flat black (Tempi], Big Three Industries, Inc., Pyromark 800 ). 

Early in the lamp calibration program a need to calibrate heat flux gages became apparent. 
The manufacturer s calibration data was determined to be inaccurate. For example for a given 
gage, data between runs showed excellent agreement. However, data correlation between gages 
was very poor. The gages were sent to the NASA-LaRC heat flux gage calibration facility. 
Following calibration, the difference in heat flux values between gages was less than ±5%. 
NASA-LaRC calibrated the heat flux gages based on incident heat flux. 

Because the heat flux gages were calibrated based on incident rather than absorbed heat 
flux, a series of billet tests were run to determine the emissivity of the flat black paint used during 
the heat flux characterization and plate tests. Three copper billets 0.9 in. x 0.6 in. x 0.2 in. were 
used for the test. A small hole was drilled into the center of the billet, and a type T thermocouple 
soldered in place. A ceramic holder was machined so that the billets would be held snugly in place 
and insulated on five sides. The ceramic holder was then placed on top of the convectively cooled 
surface such that the billets would be located at x = -2.0, 0.0, 2.0 in, and z = 0.0 in. The lamp was 
turned on and the billet temperature allowed to rise to 350°F. As soon as one billet reached 350°F the 
lamp was turned off. Results from a typical billet test are shown in Fig. 5. The emissivity was 
assumed equal to the absorbtivity and calculated from the initial slope of the billet test results, the 
equation used for the calculation was, 

pch dT 

a — 

q dt (l) 

where p is the billet density, c is the billet specific heat, h is the billet thickness, and q is the 
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incident heat flux. A comparison between the results obtained directly from the heat flux gages 
and those calculated from the billet tests indicate an emissivity of 0,86 for the flat black paint. 

Two series of lamp tests were conducted. In the first test series lamp power and incident 
heat flux were measured as a function of the control output percent P. Three heat flux gauges were 
placed on the heated surface. During a test, heat flux, lamp voltage and current are measured and 
recorded. During a test, the control output percent, P, was ramped from 0-85% in 1% increments. 
Heat flux was measured at three x locations. Heat flux gage 1 was located at x = -2.0 in., 
y = -1.0 in., z = 0.0 in.; gage 2 was located at x = 0 in., y = -1.0 in., z = 0.0 in.; and gage 3 was located 
at x = 2.0 in., y = -1.0 in., z = 0.0 in. 

The second series of tests consisted of measuring heat flux distributions for three control 
output levels, P = 5%, 10%, 15%. These correspond to power outputs of 0.223, 0.446, and 0.668 Btu/s, 
respectively. Although power levels changed less than 3% over the course of a test, initial power 
levels varied as much as 20% from the target outputs presented. This initial drift was attributed to 
changes in the bulb filament temperature at low power levels. Thus it caused a change in the 
electrical resistance of the filament resulting in a change in voltage (the controller held current 
constant). Variations in initial power were accounted for in the data analysis . 

An automated series of seven passes (one test) traversing along the y-axis were made at 
each height z for each power setting. The series of seven passes were repeated three times for each 
height/power combination and averaged. Limits of the motion along the y-axis were ±2.0 in (50 
mm) from the centerline, and readings were taken at intervals of 0.02 in. (0.5 mm). The gage 
positions, in inches from lamp centerline, along the x axis during each pass are given in Table 1. 
An illustration of the heated surface relative to the lamp for passes 1, 2, and 7 is shown in Fig. 6. 
The height z was varied in 0.125 in. increments from z = -0.375 in. to z = +0.375 in.. 
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Table 1. 


Gage x Positions (inches) for Heat Flux Tests 


Pass 

Gage 1 

Gage 2 

Gage 3 

1 

-8.0 

-6.0 

-4.0 

2 

-6.0 

-4.0 

-2.0 

3 

-4.0 

-2.0 

0.0 

4 

-2.0 

0.0 

2.0 

5 

0.0 

2.0 

4.0 

6 

2.0 

4.0 

6.0 

7 

4.0 

6.0 

8.0 


Lamp H eat Flux&a 

From the first test series the results shown in Fig. 7(a) indicate that the heat flux varies 
non-linearly with control output level P for power levels less than 0.668 Btu/s. However, for power 
levels greater than 0.668 Btu/s, Fig. 7(b) shows that the lamp power and heat flux change nearly 
linearly. Heat flux distributions determined in the second series of tests are shown in Figs. 8-10. 
Figure 8 shows the heat flux variations with y at the lamp centerline, x = 0, for 0.223, 0.446, and 
0.668 Btu/s. The distribution along the y-axis displays a sharp rise in the heat flux to a maximum 
along the focal line, but there are significant heat flux levels away from the centerline. Figures 9 
and 10 show how the heat flux varies along the y-axis when z changes. Figure 9 depicts the heat 
flux distribution when the lamp is moved 0.375 in. closer to the incident surface. The flux 
distribution is similar to that at the focal plane except that the peak is slightly lower, and the flux is 
spread over a larger area. However, Fig. 10 reveals a heat flux distribution which is very 
different than that at the focal plane. The distribution shows two peaks at approximately ±0.3 in. 
This case represents the flux distribution when the lamp is moved 0.375 in. away from the lamp. 
The sharp focal line is "out of focus". The focal line, approximately 0.1 in. wide at the focal plane, 
is smeared to approximately 0.6 in. wide. This 0.6 in. strip has higher heat fluxes at its edges with 
a "dark area” of drastically reduced heat flux in the center. 
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For the plate buckling tests to be described in the next section, the upper plate surface was 
insulated except for the narrow rectangular strip x = ±0.25 in.. To develop an analytical 
representation for the heat flux distribution over this region, average heat fluxes were determined 
at seven x locations by integration of the heat fluxes between -0.25 < y < 0.25. 

Non-dimensional average heat flux distributions q(x) along the x-axis are shown in Fig. 
11 for P = 0.668 Btu/s. These distributions show the variation of the heat flux with x clearly. The 
distributions are not symmetric about the lamp axis x. Further tests indicated that the 
non-symmetric heat flux distribution along the x-axis were due to the quartz bulb not being 
perfectly aligned inside the lamp body. Assuming a perfectly aligned bulb, the heat flux 
distribution was represented by a second order polynomial which is symmetric about the x-axis 
centerline and varies with height z. The equation is: 

flx,z) = ax 2 +b+cz (2) 

where the values of the coefficients are given in Table 2. 

Table 2. 

Coefficients for Heat Flux Distribution q(x) 




P (Btu/s) 


Coefficient 

0223 

0.446 

>0.668 

a 

-0.0014 

-0.0015 

-0.0014 

b 

0.3036 

0.3327 

0.3340 

c 

0.0827 

0.0999 

0.0968 


As mentioned above the heat flux levels vary linearly with P above 0.668 Btu/s. Additionally, the 
heat flux varies linearly with z within the range tested. Based on these results an approximate 
empirical representation for the heat flux q for a plate test was developed, 

q(x,z,P) = (18.46PXax 2 + b + cz) (BTU/ft2-s) 
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where P is in Btu/s, and values the coefficients a, b, and c are given in Table 2. Note that these 
coefficients are constant for P > 0.668 Btu/s and are valid for z = ±0.375 in. 
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PLATE BUCKLING TESTS 


The experimental investigation of plate buckling is based upon the original experiments 5 -*’ 
conducted at NACA Langley in 1952 but with significant changes. The current investigation 
places emphasis on determining a plate's transient, inelastic response. The experimental results 
are intended for validation of transient finite element analyses including geometric and 
material nonlinearities. 

Test Description 

The test fixture for a plate typical buckling test is described schematically in Figure 12. A 
15 in. x 10 in. x 1/8 in. Hastelloy-X plate is heated along its centerline by the incident flux from the 
quartz lamp. The two parallel plate edges are maintained at constant temperature by chilled water 
flowing through 5/8 in. polybutylene tubes. The edges of the plates are inserted in slots machined 
in the polybutylene tubes and sealed with a silicone- based RTV adhesive. The polybutylene 
coolant tubes have negligible bending stiffness which is shown later in the Isothermal Test section 
of this report. The plate is supported at four points to provide well-defined structural boundary 
conditions and to minimize heat loss. To prevent in-plane motion, one support uses a cone-shaped 
point set in a small indentation in the plate. At the other three points, 1/4 in. dia. spherical contacts 
are employed. The dimensions of a test plate, the support locations, the coordinate system and 
other details are shown in Fig. 13. 

The plate is heated over a narrow rectangular strip along its centerline. The heated strip is 
1/2 in. wide and was painted with Tempil Pyromark 2500 flat black paint. This paint has nearly 
the same absorptivity and emissivity as the Pyromark 800 paint used in the lamp characterization 
tests. Except for this strip, the test plate and coolant tubes are encased in insulation. 

Approximately 1.0 in. of ceramic fiber blanket insulation is used on the upper surface, and 2.0 in. 
of insulation is used on the lower surface. The reason for the lower surface having more 
insulation than the top was to fill a void in the test fixture. 
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T es t Pr oc edures 


Nine Hastelloy-X 15 in. x 10 in. x 1/8 in. plates with certificate of originate and 
composition were purchased from ATEK Metals Center. ATEK used a shear to cut the plates to 
size. The tolerance on length and width was found to be +0.04, -0.00 in. These plates were sent to 
NASA-LaRC to have their initial shape measured. The Hastelloy-X plate tested was taken from 
this lot. It was found to have a thickness ranging from 0.1224 in. to 0.1283 in. with an average 
thickness of 0.1259 in. and a maximum Az (difference between the maximum and minimum 
plate's mid-plane z coordinate) of 0.0182 in. The initial shape of the plate is shown in Figure 14. 

In the present tests, the plate deflected down away from the heat lamp. A copy of the material 
certificate along with the plate initial deformations (warpage) are presented in Appendix A. 

In a typical plate test, the chill water system was operated initially for 30-60 minutes to 
bring the test plate to a uniform temperature of about 58-65°F. Coolant flow rate is sufficient to 
maintain the plate edges at the initial temperature for the duration of the test. A typical test was 
conducted by programming the process controller so that the lamp receives P% of maximum lamp 
power, and Pis maintained at the specified level until the controller is manually shut off. Lamp 
characterization tests show that the quartz lamp rise time is about one to two seconds at P = 10 %. At 
higher power levels, the rise time is much smaller. Lamp power is controlled within about one 
percent over the duration of the test. For the present test series, the lamp power was shut off to keep 
the maximum plate temperature within a predetermined maximum limit. After the heat lamp was 
shut off, the plate response was monitored as temperatures returned to steady-state. 

The Hastelloy-X plate was subjected to a series of five tests at increasing temperature 
levels. The first two tests were elastic, and the last three tests induced increasing levels of 
permanent deformation in the plate. The test series is summarized in Table 3. 
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Table 3. 


Thermal Buckling Tests 


Test 

No. 

P 

(%) 

P 

(Btu/s) 

Max. Temp. 
(°F) 

Time 

(s) 

Behavior 

1 

5 

0.1749 

250 

5400 

Elastic 

2 

15 

0.6403 

375 

300 

Elastic 

3 

15 

0.6423 

500 

600 

Possibly Plastic 

4 

30 

1.5410 

700 

200 

Plastic 

5 

70 

3.7043 

1000 

88 

Plastic 


Instrumentation 

The plate was instrumented with 29 thermocouples (TC) to measure temperatures and 15 
linear variable differential transformers (LYDTs) to measure transverse displacements. A PC 
based (micro computer) data acquisition system was used to monitor and record temperatures, 
displacements, and heat lamp power. The data acquisition system's maximum reading rate was 
1.5 - 2 scans/s (one scan reads, converts, and records all data channels) The maximum reading 
rate was limited by the computer boards performing the temperature analog to digital (A/D) signal 
conversions. The scan rate was varied between tests depending on the flux levels. Scan rates for 


the tests are given in Table 4. 


Table 4. 

Scan Rates for Test. 


Test 1 
Test 2 
Test 3 
Test 4 
Test 5 


During Heatine 

Scan every 50 s 
Scan every 5 s 
Scan every 5 s 
Scan every 2 s 
Scan every 2 s 


During Cool Down 

Scan every 50 s 
Scan every 50 s 
Scan every 50 s 
Scan every 50 s 
Scan every 50 s 
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The thermocouple locations are given in Table 5 and are shown in Figure 15. The 
thermocouples were made from 24 gauge type K thermocouple wire. Two pairs of thermocouples T5, 
T28 andT19, T29 are located "back-to-back" on the top and bottom surfaces of the plate to document 
temperature gradients through the plate thickness. An Unitek TC Welder was used to make each 
thermocouple. The thermocouples were typically spherical in shape with a nominal diameter of 
1/32 in. The thermocouples were flattened slightly and spot welded to the surface of the test plate. A 
Keithley Metrabyte MTherm-20 computer board was used to convert the thermocouple signals to 
digital readings. These readings were then sent to the PC. A break-down of the expected errors 
supplied by the manufacturer is given below: 

Thermocouples: Omega Type K special 

TC Error = ±2.0 °F(1.1 °C) or ±0.4% 

Data Acquisition: Keithley Metrabyte MTherm-20 

Cold Junction Compensation Error = ±0.9 °F (0.5 °C) 

A/D Error = ±0.7 °F (0.4 °C) 

Channel to Channel Gradient Error = ±1.3 °F (0.7 °C) 

Before and after each test, the MTherm-20 boards were calibrated. The calibration was performed 
with an Analogic Digi-Cal II Model AN6520-8A-110 with a specified error of ±1.0 °F (0.6 °C). The 
combined data acquisition error was found to be ±4.9 °F (2.7 °C). Therefore, the total expected error 
is as follows: total Expected Error = 6.9 °F or ±(0.004 x Reading + 4.9) °F whichever is greater. 
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Table 5. 


Thermocouple Locations 


Location (in.) 


TC 



X 

Y 


±0.04 

±0.04 

T1 

0.25 

-4.25 

T2 

0.25 

-3.00 

T3 

0.25 

-2.00 

T4 

0.25 

-1.50 

T5 

0.25 

-1.00 

T6 

0.25 

-0.50 

T7 

0.25 

-0.25 

T8 

-7.44 

0.00 

T9 

-5.63 

0.00 

T10 

-3.75 

0.00 

Til 

-1.88 

0.00 

T12 

0.25 

0.00 

T13 

1.88 

0.00 

T14 

3.75 

0.00 

T15 

5.63 

0.00 

T16 

7.44 

0.00 

T17 

0.25 

0.25 

T18 

0.25 

0.50 

T19 

0.25 

1.00 

T20 

0.25 

1.50 

T21 

0.25 

2.00 

T22 

0.25 

3.00 

T23 

-7.25 

4.25 

T24 

3.50 

4.25 

T25 

0.25 

4.25 

T26 

3.56 

4.25 

T27 

7.25 

4.25 

T28 

0.25 

-1.00 

T29 

0.25 

1.00 


Z 


±0.001 


-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

-0.0625 

6.9 

0.0625 

6.9 

0.0625 

6.9 


Measurement 
Accuracy (±°F) 


or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4,9 

or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading -i- 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 

or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 

or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 

or 0.004 x Reading + 4.9 
or 0.004 x Reading + 4.9 


LVDT locations are given in Table 6 and are shown in Fig. 16. The LVDTs are mounted 
vertically on an 3/8 in. thick aluminum support plate directly under the test plate. The deflection 
of the LVDT mounting plate was found to be less than 0.0005 in. throughout the test series. The 
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Table 6. 


LVDT Locations 




Location (in.) 

Measurement 

LVDT 




Accuracy (±in.) 


X 

Y 

Z 



±0.06 

±0.06 

±0.001 


LI 

-3.50 

-4.00 

-0.0625 

+0.000374 

L2 

0.00 

-4.00 

-0.0625 

+0.000374 

L3 

3.50 

-4.00 

-0.0625 

+0.000374 

L4 

0.00 

-2.00 

-0.0625 

+0.00150 

L5 

-6.00 

0.00 

-0.0625 

+0.000374 

L6 

-3.50 

0.00 

-0.0625 

+0.00150 

L7 

-2.00 

0.00 

-0.0625 

+0.00150 

L8 

0.00 

0.00 

-0.0625 

+0.00150 

L9 

2.00 

0.00 

-0.0625 

+0.00150 

L10 

3.50 

0.00 

-0.0625 

+0.000748 

Lll 

6.00 

0.00 

-0.0625 

+0.000374 

L12 

0.00 

2.00 

-0.0625 

+0.00150 

L13 

-3.50 

4.00 

-0.0625 

+0.000374 

L14 

0.00 

4.00 

-0.0625 

+0.000748 

L15 

3.50 

4.00 

-0.0625 

+0.000374 


LVDTs used were Schaevitz Series GCD-121 with a manufacture's estimated error of ±0.25% of full 
range (see Table 7). LVDT calibrations performed before and after the test series found that the 
expected errors to be within ±0.25% (of full range). A Hewlett Packard Model 6205C power supply 
was used to supply the excitation voltage to the LVDTs. The LVDT supply voltage was monitored 
throughout the test and was found to have a maximum drift of ±0.001 volts. The output signal from 
the LVDTs was processed by a Keitbley Metrabyte data acquisition system consisting of a DAS-8 
and an EXP-16 computer boards. The DAS-8 performs the A/D conversion, while the EXP- 16 
conditions the signal. The DAS-8 has a 12 Bit analog to digital converter with an estimated error 
of ±0.01% (of reading) plus +1 Bit. The EXP-16 with a gain setting of 0.5 has an expected error of 
±0.015% (of reading). The overall displacement errors for the 3 sensor ranges used are as follows: 
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Table 7. 


Estimated Displacement Errors for Schaevitz’s LVDT 


Schaevitz Sensor Range Estimated Error 

Model No. (±in.) C±in.) 


GCD- 12 1-125 0.125 

GCD- 12 1-250 0.250 

GCD- 12 1-500 0.500 


0.000374 

0.000748 

0.00150 


The estimated errors for the displacement measurements for the various LVDT locations are 
given in Table 6. 

A Fluke 45 Dual Display Multimeter was used to measure voltage and current being 
supplied to the heat lamp. The voltage and current measurements were then used to calculate lamp 
power. The multimeter measured the voltage directly and used an AEMC Model SD601 Current 
Probe to measure the current. The multimeter performed the analog to digital conversion and sent 
the data to the PC via an RS-232 interface. The multimeter used the slow scan rate (2.5 reading per 
s) setting to increase accuracy. 


The manufacturers estimated errors are: 


Fluke 45 Display Multimeter 

estimated voltage error = 0.2% (of reading) + 100 (digits) 
Note: 100 digits = 0.01 A 

estimated current error = 0.5% (of reading) + 100 (digits) 
Note: 100 digits = 0.1 mV 

AEMC Model SD601 Current Probe 

estimated error = 0.5% (of reading) 
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The above errors can be used to estimate the overall accuracy of the power calculations. Table 8 
gives the power measurements with associated tolerances for each of the tests. 

Table 8. 

Power Measurements for Tests 


Test 

Output 


Average Power 

No. 

(%) 

(Watts) 

(Btu/s) 

1 

5 

184.5 

±2.2 

0.1749 ±0.0021 

2 

15 

675.5 

±11.1 

0.6403 ±0.0105 

3 

25 

677.6 

±11.1 

0.6423 ±0.0105 

4 

30 

1625.8 

±20.7 

1.5410 ±0.0196 

5 

70 

3908.0 

±41.0 

3.7043 ±0.0389 


A photograph, Fig. 17, shows the test setup with the quartz lamp, chill-water piping, plate 
support system, and instrumentation supported by a frame of aluminum beams. The test plate 
actually cannot be seen in the photograph; it is completely hidden by insulation and the test frame. 
Results 

Results from Tests 2 and 5 will be discussed; however, plots from all five tests along with 
tabular data are contained in Appendices B1 - B5. 

Elastic Response - Test 2 . Test 2 was run at a power level P = 15%, and the lamp was shut off 
when the maximum plate temperature reached 375°F to insure elastic behavior. Temperature 
distributions T(0.25, y, t) across the plate at selected times are presented in Fig. 18. Temperature 
histories of three points are presented in Fig. 19. The temperature distribution across the plate is 
symmetric indicating symmetrical heating and symmetrical thermal boundary conditions. 

Other data not shown indicate that there is only a small variation (<4%) of the temperature along 
the plate x axis. Thus, the temperature distribution is essentially one-dimensional varying only 
with y, and it is symmetric about the x axis. The ’’back-to-back" thermocouples recorded nearly 


18 



identical values indicating that the temperature gradient through the 1/8 in. plate thickness was 
typically less than 3°F or less than 1.5% of the mean temperature. The temperature histories show 
that the temperature at the center of the plate reaches a maximum of 375°F at about 300s and 
subsequently decays smoothly after heating ceases. 

Corresponding displacement responses are presented in Figs. 20-22. Figures 20 and 21 
show the deflection of the plate along the x and y axis, respectively. These results clearly show that 
the buckling behavior represents a global deformation with a half-wave shape in orthogonal 
directions. Peak deflection is about -0.075 in. or slightly more than one-half plate thickness. 
Displacement histories at three points across the plate centerline are shown in Fig. 22. The plate 
deflection response is quasi-static. The oscillations in the displacement histories during the 
cool-down period are associated with the instrumentation. Finally, the overall buckling behavior 
is indicated in Fig. 23 which shows the plate center temperature plotted versus the plate 
displacement. 

Inelastic Rpsnnnse - Test 5 . Test 3 and Test 4 induced small inelastic deformations so that 
Test 5 began with a slightly deformed plate. Test 5 subjected the plate to a significantly higher heat 
flux than previous tests. The temperature responses, Fig. 24, show that the maximum plate 
temperature rose to 1000°F in about 88s. From Fig. 25, the temperature distributions show that the 
heated region was confined to a relatively narrow band about the x axis for y = ±1.5 in. Outside of 
this band, temperatures are unchanged. The plate displacement distributions during the heating 
duration are shown in Figs. 26 and 27. A maximum deformation of 2.5 plate thicknesses 
occurred. Figure 26 shows the final deformation indicating a permanent bow along the x axis. 

The almost straight-line variation of the displacement with y shown in Fig. 27 suggests the 
occurrence of a highly local inelastic deformation in the heated region. Displacement histories at 
three points along the centerline are shown in Fig. 28. The significant permanent deformation 
induced by the high local heating is clearly evidenced during the cool-down phase. Points near the 
center of the plate return to a positive displacement, but points near the ends return to a negative 
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displacement indicating the permanent bowing of the plate. Lastly, Fig. 29 presents the classical 
temperature-displacement response that occurs at the plate's center. 
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ISOTHERMAL TESTS 


A series of isothermal elastic tests of a plate with a concentrated load at the center is 
described. The tests provide insight into the plate’s mechanical boundary conditions. The tests 
load-deflection results are useful for validation of a finite element model's capability for 
prediction of the plate's load-deflection behavior for plate deflections up to about three plate 
thicknesses. 

Test Description 

The isothermal test series was initiated to examine possible sources for experimental 
errors in the thermal buckling tests. The three major areas examined were point support torques, 
LVDT effects, and cooling circuit effects. The tests used the test fixture from the thermal buckling 
tests with the heat lamp being replaced by a dead weight point loading device. The test fixture is 
described schematically in Fig. 30 . A photograph, Fig. 31 shows the test setup with the loading 
pallet, weights, and instrumentation. The test plate cannot be seen in the photograph; it is hidden 
by the test frame. The 15 in. x 10 in. x 1/8 in. Hastelloy-X plate is supported at four points and is 
loaded at the center with a concentrated load normal to the plate. The load is applied to the test plate 
through an 1 in. diameter spherical contact. As in the thermal buckling tests, to prevent in-plane 
motion one support uses a cone-shaped point set in a small indentation in the plate. At the other 
three points, 1/4 in. diameter spherical contacts are utilized as in the buckling tests. The 
dimensions of the test plate, the support locations coordinate system and other details are shown in 
Fig. 32. 

Test Procedures 

The 15 in. x 10 in. x 1/8 in. Hastelloy-X test plate was taken from the lot of nine plates 
purchased from ATEK as described previously. The plate was found to have a thickness ranging 
from 0.1232 in. to 0.1278 in. with an average thickness of 0.1259 in. and a maximum Az of 0.0218 
in . 

The tests were conducted at room temperature. Typically in test sets 1 and 2, the plate 
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was placed in the test fixture resting on the lower point supports, but the upper point supports were 
not used. A test cycle consisted of loading the plate from 0 lbs to 274 lb and then back to 0 lbs in 20 lb 
increments. Displacement measurements were taken at each incremental load step. The loading 
was accomplished by adding 20 lb weights to the loading pallet. The weights were centered on the 
loading pallet, and then the loading pallet was rotated back and forth about the z axis for each 
loading step. This was to assure that the loading ram was not sticking to the bronze bushing. 
Several loading cycles were performed to examine different test conditions. The conditions 
examined are listed in Table 9. 


Table 9. 

Isothermal Tests 

Test Set Condition Description Cycles Performed 

1 Using a Laser Sensor to Measure Displacement 5 

2 Using an LVDT Sensor to Measure Displacement 4 

3 1/2 in-lb Torque on Point Supports 3 

4 1 in-lb Torque on Point Supports 4 

5 3 in-lb Torque on Point Supports 1 

6 Finger Tight (4-5 in-lb of Torque) Point Supports 4 

7 16 Fully Engaged LVDT Loading 2 

8 Polybutelene Cooling Tubes 3 

9 Plate with Cooling Tubes Hooked to Piping 2 

The test procedure for the laser or LVDT sensor conditions (test sets 1-2) is that which has 
been previously described. The only difference between the two sets of tests is the sensor used to 
measure displacement. Several loading cycles were used for each set of tests. 

The point-support torque tests (test sets 3-6) were designed to determine the sensitivity of the 
plate deflection to variations in the clamping torque applied to the point supports. The procedures 
for these test sets was the same as test sets 1 and 2 except the plate was clamped between the lower 
and upper point supports. The supports are 3/8-24 UNF socket head cap screws with either a cone or 
spherical end. The point supports were torqued down onto the plate with either a Snap-On 0 to 3 
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in-lb (resolution of 1 in-ounce) or 0 to 200 in-lb (resolution of 5 in-lb) torque meter. In the thermal 
buckling tests, the point supports were finger-tight. Finger-tight was found to be approximately 4 to 
5 in-lbs of torque. Several loading cycles were performed for each of the point support torque 
conditions in test sets 3 - 6. 

The setup procedure for the 16 fully engaged LVDT condition (test set 7) was as follows. A 
274 lb load was applied to the plate without the upper point supports being used. Then 16 LVDTs were 
mounted below the plate on the LVDT mounting plate. The LVDTs were adjusted so that they would 
be fully engaged within their useful operating range. The 274 lb load was then removed. Two 
loading cycles were then performed. 

The test set up for the plate with polybutylene cooling tubes (test set 8) was as follows. The 
edges of the plate were inserted and bonded in slots machined in the polybutylene tubes with a 
silicone- based RTV adhesive. The plate was then placed into the test fixture. A series of three 
loading cycles was then performed. 

The setup procedure for the plate with cooling tubes hooked up to the piping (test set 9) 
condition was as follows. The upper supports were used to maintain the plates position up to the 
first load step, then they were disengaged from the plate. Two loading cycles were then performed. 
Instrumentation 

The plate was instrumented with either a laser or LVDT sensor to measure displacement at 
the plate center. The same PC base data acquisition system described previously. The laser 
displacement sensor used is a Keyence Model LB-70/LB-11. The laser sensor is a non-contact 
displacement measuring device; therefore, it does not transmit any load to the plate. A Hewlett 
Packard Model 6205C power supply was used to supply the excitation voltage to the laser sensor. 

The supply voltage was monitored throughout the test and was found to have a maximum drift of 
±0.001 volts. The output signal from the LVDTs was processed by a Keithley Metrabyte data 
acquisition system consisting of DAS-8 and EXP-GP computer boards. The DAS-8 performs the 
A/D conversion, while the EXP-GP conditions the signal. Calibrations performed before and 
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midway through testing indicated that the overall combined accuracy of the sensor with data 
acquisition system to be ±0.002 in. 

The LVDT was mounted vertically on an aluminum support plate directly under the test 
plate. The LVDT had a spring-loaded sensor probe which held it in contact with the plate. 

Therefore the sensor will apply a small load to the plate. The LVDT used was a Schaevitz Model 
GCD-121-250. (see previous Instrumentation Section for a description of errors) The LVDT was 
calibrated prior to the test series and was found to have an expected error within ±0.25% (of full 
range see Table 6). A Hewlett Packard Model 6205C power supply was used to supply the excitation 
voltage to the LVDTs. The LVDT supply voltage was monitored throughout the test and was found 
to have a maximum drift of ±0.001 volts. The output signal from the LVDTs was processed by a 
Keithley Metrabyte data acquisition system consisting of DAS-8 and EXP-16 computer boards. 

The DAS-8 performs the A/D conversion, while the EXP- 16 conditions the signal. The DAS-8 has a 
12 Bit analog to digital converter with an estimated error of ±0.01% (of reading) plus ±1 Bit. The 
EXP-16 with a gain setting of 0.5 has an expected error of ±0.015% (of reading). The overall 
expected displacement error for the LVDT was ±0.000748 in. 

Dial indicators were used to monitor the deflection of the point support beams. The dial 
indicators were placed on the lower point support screw heads and at the beam centers. The dial 
indicators used were Starrett Model 25-631J with a resolution of 0.0005 in. The maximum support 
beam deflection observed throughout the test series was 0.007 in. The dial indicator displacement 
readings were averaged to obtain an average support deflection. The average support deflection 
was subtracted from the center displacement sensor reading to determine the plate's center 
deflection. 

Test Results 

There was no significant difference between measurements made with the laser and the 
LVDT. The results for these two conditions were combined, and a linear regression analysis was 
performed on the data. The analysis indicated that the displacement-load relationship was 
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( 4 ) 


linear, and the displacement can be estimated with the following expression, 

w cr (in.) = Load (lb) x 1.255E-3 in/lb 
This will be called the control regression and all the various conditions will be compared to it. 

The results show that for the test plate with point supports, the center deflection is linearly related to 
the load for deflections up to 0.34 in. or 2.7 plate thicknesses. The linearity of the behavior is 
interesting because standard textbooks describing plate theory (see, for example, reference 8) state 
that linear plate theory becomes inaccurate for deflections as large as the thickness of the plate. 

Results for the laser and LVDT conditions along with the control regression are shown in 
Figures 33 and 34. These two figures show that the control regression curve fits both the laser and 
LVDT data very well. It can also be seen that there is vei"y little difference between the deflection 
measurements taken with the two sensors. The regression results along with percent differences 
from the control regression for all the test conditions are given in Table 10. 


Table 10 

Isothermal Test Results 


Test 


Set 

Condition 

Load Coef. 

1 

Laser Sensor 

1.257E-03 

2 

LVDT Sensor 

1.253E-03 

3 

Laser + LVDT Sensor Data 

1.255E-03 

3 

1/2 in-lb Support Torq. 

1.242E-03 

4 

1 in-lb Support Torq. 

1.241E-03 

5 

3 in-lb Support Torq. 

1.238E-03 

6 

Finger Tight (4-5 in-lb) 

1.232E-03 

7 

16 LVDTs 

1.240E-03 

8 

Polybutelene Tubes 

1.242E-03 

9 

Coolant Piping 

1.238E-03 


Standard Error 

No. of 

DifT. of Load 
Coef. From 

Load Coef. 

wEst. 

Observations 

Laser + LVDT 

1.040E-06 

1.882E-03 

133 

0.139% 

8.569E-07 

1.423E-03 

116 

-0.165% 

6.947E-07 

1.706E-03 

249 

0.000% 

1.368E-06 

1.967E-03 

87 

-1.074% 

1.194E-06 

1.983E-03 

116 

-1.161% 

3.094E-06 

2.568E-03 

29 

-1.360% 

5.629E-06 

5.088E-03 

105 

-1.874% 

1.033E-06 

1.213E-03 

58 

-1.176% 

1.138E-06 

1.637E-03 

87 

-1.032% 

1.709E-06 

2.007E-03 

58 

-1.325% 


In the point support torque tests, the torque was varied from 1/2 in-lb to finger tight (4-5 


in-lbs). Figures 35 - 38 plot these results along with the control regression for each of the 
conditions. In general it can be seen from Fig. 35 - 38 and Table 10 that the plate deflection 
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decreases, and the data variance increases as the support torques are increased. In the 
finger-tight condition, a little hysteresis can be seen in Figure 38. Figures 39 - 41 show results for 
the 16 LVDT, polybutelene, and coolant piping conditions. The effects from these conditions are 
small, (less than 2%) 

The results from this test series does not reveal any serious problems with the test setup or 
procedure for the thermal buckling test series. Nevertheless, the results point out areas were care 
should be taken. Such an area is the point support torques. It is apparent from the test results that 
over-tightening of point supports can affect test results adversely. For future plate tests, the 
supports should be tightened to 1/2 - 1 in-lb. Care should also be taken with coolant line connections 
not to restrict plate’s movement. 
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CONCLUDING REMARKS 


An experimental investigation of plate buckling induced by spatial temperature gradients 
is described. Rectangular plates are heated transiently by a quartz heat lamp focused on the plate 
centerline. Parallel edges of the plate are maintained at constant temperature by chill water flow 
through coolant tubes. The plate is supported at only four points to provide well-defined thermal 
and structural boundary conditions. A heat lamp characterization study is described, and an 
empirical formula for the incident surface heat flux is developed. The thermal buckling test 
procedure is described, and results from five tests are presented. A series of isothermal tests with 
a point load were conducted to investigate the test mechanical boundary conditions. These tests 
validated the test conditions. The tests also showed an interesting result: the plate load-deflection 
curve was linear up to nearly three plate thicknesses for the point supports employed. 

Temperatures and displacement results for elastic and inelastic thermal buckling tests 
are presented. The plate exhibited a global buckling response in both tests. In the inelastic test the 
plate maximum displacement exceeded two plate thicknesses and significant permanent 
deformation was induced. 

The tests reaffirm that localized heating can cause substantial out-of-plane bending of real 
plates. The global bending deformations demonstrated were due to in-plane spatial temperature 
gradients and initial plate warpage. Small initial warpage with compressive membrane thermal 
forces was sufficient to initiate substantial transverse bending. 
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Panel Buckling Test Schematic 



Figure 12. Schematic of text fixture for plate buckling tests. 











Figure 13. Plate dimensions and support locations. 
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Figure 16. LVDT locations on test plate. 



Figure 1 7. Photograph of test fixture for plate buckling 
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Figure 22. Plate displacement history, w(x,0,t), x=0,-3.5,-6. in., Test 2. 
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TEST 2 - Panel Center Temperature Versus Displacement 
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Figure 23. Plate center temperature versus displacement, Test 2. 
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Figure 28. Plate displacement history, w(x,0,t) x=0,-3.5,-6. Test 5. 






(d) ajnjBjadiuai 




DATA ACQUISITION 





Point Load Test Setup 



Figure 31 . Photograph of test setup for isothermal tests. 





Figure 32. Plate dimensions and support locations for isothermal tests. 
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Figure 33. Laser treatment results. 
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Figure 34. LVDT treatment results. 
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Figure 35. 1/2 in-lb support torque treatment results. 



Point Support Torque = 1 in-lb 
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Figure 36. 1 in-lb support torque treatment results. 



Point Support Torque = 3 in-lb 
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Figure 37 3 in-lb support torque treatment results. 



Point Support Finger Tight 



(*Ul) JUGUISOBldSIQ 


Figure 38. Finger tight (4-5 in-lb torque) support treatment results. 
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Figure 39 1 6 LVDT treatment results. 



Polybutelene Tubes 
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Figure 40. Plate with polybutelene pipes treatment results. 
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MATERIAL AND PLATE INFORMATION 





Hastelloy-X Certificate of Originate 



i n . » 

l Of © 

• CV* >0 

► V » M 

• \| tV 

• «* r) 

o 


ill 


Ui 

* u 

u z 

<t J-» 

oc 

sea: 

i-Ui 

O h- 

'Ofl.z 
n »■* ui 
nxu 

CO 

<r 


UJ 

> 

x 

aC as O 
JQ<t 
E Ui 

a: 

C <E I 

Li a. i 

i uj a. 
j a m 
jci 

UJ w 
iCZ 
:t 3 Q 
* o o J 

JUkU 

M 

f*Zk 

: 5 a cc 

IOmh 

>OZ€ 

> 3 li 


n.;* 

_sji 


• *o 

U CD CD 

uj a m 

»co 


N U) Q *• 
<OCUO 


■ 1 r- o n 

: g_££ 

• n 


-$! 


I Ui 

.MX 

Ugo 

M 

o 5 5 

— — H H CL 
O u Ui 

,TF<S| 

J _ 

i If *21 

a> — — * in u 

h| O Z 
2 T W ® m 

— r < — o 






(■“!) SIXV-Z 



Initial transverse deflection of the test plate 


Initial transverse deflection of the test plate 
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APPENDIX B 


THERMAL BUCKLING TESTS RESULTS 



APPENDIX B1 


TEST 1 RESULTS 
TEST CONDITIONS: 

Lamp Power: 5% (.175 Btu/s) 

Max Temperature: 250°F 
Heat Flux Duration: 5400 s 
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Elastic 



300 



(d) 8jn;ej9dujai 


C-2- 





TEST 



(d) ejruBjaduiei 





0.01 



(‘in) luaixiaoeidsiQ 


LVDT 




TEST 1 - Panel Displacement Distributions 
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EST 1 - Panel Center Temperature Versus Displacement 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 5% (92-0128A) 

Time is 09:09:03.98. 

Date is 1-28-1992. 
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APPENDIX B2 


TEST 2 RESULTS 
TEST CONDITIONS: 

Lamp Power: 15% (.64 Btu/s) 

Max Temperature: 375°F 
Heat Flux Duration: 300 s 


Behavior: 


Elastic 
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TEST 2 - Panel Temperature Distributions 
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TEST 2 - Panel Displacement History 
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TEST 2 - Panel Displacement History 
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TEST 2 - Panel Center Temperature Versus Displacement 
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TEST 2 ; PAGE 2 OF 15 

SLOWLY HEATED PLATE (HASTELLOY-X # 3 ) 
LAMP OUTPUT AT 15 % ( 92 - 0129 A) 

Time is 07 : 47 : 20 . 12 . 

Date is 1 - 29 - 1992 . 
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TEST 2; PAGE 4 OF 15 

SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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TEST 2; PAGE 11 OP 15 

SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0129A) 

Time is 07:47:20.12. 

Date is 1-29-1992. 
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APPENDIX B3 


TEST 3 RESULTS 
TEST CONDITIONS: 

Lamp Power: 15% (.642 Btu/s) 

Max Temperature: 500°F 
Heat Flux Duration: 600 s 


Behavior: 


Possibly Plastic 
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TEST 3 - Panel Displacement History 
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TEST 3 - Panel Displacement Distributions 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0130A) 

Time is 08:36:23.08. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0130A) 

Time is 08:36:23.08. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0130A) 

Time is 08:36:23.08. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 15% (92-0130A) 

Time is 08:36:23.08. 

Date is 1-30-1992. 
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APPENDIX B4 


TEST 4 RESULTS 
TEST CONDITIONS: 

Lamp Power: 30% (1.541 Btu/s) 

Max Temperature: 700°F 
Heat Flux Duration: 200 s 
Behavior: Plastic 
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TEST 4 - Panel Displacement Distributions 
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TEST 4 - Panel Center Temperature Versus Di 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 30% (92-0130B) 

Time is 12:38:38.12. 

Date is 1-30-1992 . 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 30% (92- 013 OB) 

Time is 12:38:38.12. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 30% (92-0130B) 

Time is 12:38:38.12. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 30% (92-0130B) 

Time is 12:38:38.12. 

Date is 1-30-1992. 
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SLOWLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 30% (92-0130B) 

Time is 12:38:38.12. 

Date is 1-30-1992. 
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APPENDIX B5 


TEST 5 RESULTS 
TEST CONDITIONS: 

Lamp Power: 70% (3.704 Btu/s) 

Max Temperature: 1000°F 
Heat Flux Duration: 88 s 


Behavior: 


Plastic 
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TEST 5 - Panel Temperature History 
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TEST 5 - Panel Temperature Distributions 
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TEST 5 - Panel Displacement History 
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TEST 5 - Panel Displacement History 
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TEST 5 - Panel Displacement Distributions 



(*ui) iu0iu8oeidsia 


X Axis (in.) 


TEST 



(d) ajrnBjadmai 



h • oo o in 

H C OOOCN 

Eh *H • • vo 

tH O O 
I 

o 


tH|x, VOVOtHOrHCOr-a>ina\rHt-Ha*VOtHC^rH 04 ' ,: *VOVOtr)rO ,[ tfrHCOr-CO 

rH u)^(Ncnino'^ooo}inoOHrov£)(^or}inr'OOOCN^Lnt v 'COcriH 

E-* rHrH04rornro , *3'''a‘'<i , minLnLnvovo\ovovo[— r-r-r'-O'O'r-co 


o • 

LO O LO 

o hi 

vo r- 

rH £ 

t> O 04 

T— l 

vo vo 

Eh*h 

. . VO 

Eh 



CO o o 




i 

o 

i 


04 oj ^ onroo^vflio^Hh 
No\inoino\mu)ooH^o-o^ 
HHoqroron^^^inininin 


no-cno^^^rninojc^ovx) 

Hminooo\Hfninvoooo\Hoq 

vovovovovor-r-r-'r'-C'-t^oooo 


< j \ • room 

Eh £ ujocm 

•H . . VO 

IT) O O 
I 

O 


C"* 0 -O 0 \O 040 -a\U>OC> 4 C 0 rHC 0 m<rSTjtl 0000404 rHa% 04 C 0 V 0 V 0 r 0 

Eh vo vo 04 go moTjicooju)cnHTiivoo\Hromo > (^Hro^mr'(7\oo^ 

rHtHojrocoro^^^LninLomvovovovovoc— r-r'-r'-r-r-'coco 


00 

Eh 


£ 

-H 


^ om 

^ 0 (N 

. . vo 
o-oo 
i 

o 

I 


00 lx, 0- ro rH tH VOr^O-r-mr^CnCT>OO^OTj«r-lTl<VOVDOOa\CN30COChVO 

E h u>r-'Ho-(NC^rHLn<^(NLnr-orovocooMn«vocootHroLnvor-o\ 

tHrH 04 04 oococo^*d'^«inintninvoiovovovor-r-c-o~o-r-'r- 


o- • lo lo lo 

E~» C 04 04 04 

*H . . VO 

o o o 


o-fe lo r— cri ou)Ht-coo^OM--inHvoomcr\ooinmrom^<o)no 

£h vo vo a* h LOcnmvoa\CNL/>o-oroLOooo>^r#ivoo-cr\T-i(N^vor-crj 

rH Ht-KNOJc^roron^^^^^inininininvD^^ui^vo 



o 

I 


in o lo 

CN LD CN 
. . VO 

o o o 

o 

t 


mom 
04 o 04 
* • vo 

O rH O 
I • 

o 

I 


LO O LO 
05 LO 04 
* • VO 

O tH o 
I • 

o 

I 


VO hi 

Eh 


in hi 

E h 


Eh 


m m o o cooinmHOHHininvoinoooou)ooincomrooH 
vovovoo- M3\onj^iooooHminoooor4^inooo(M^ioo 

HHHHHojCNCNOjoqc^rororomroroH'^'di^^ 


Titm^mminmioooiC 4 ina 3040 (NiomoomHooimmH | H 

VOVOVOVO V0V0V0V0V0V0r-0-f-C000Crk<TkOrHrH04r0'CJ*^L0V0r-C0 

rlrlHHHHHHHHH 


'^*^^'^rJi^Ji^|iTiiL 0 inL 0 V 00 -t*-r- 00 a\rH 04 '«^V 0 C 0 Of 0 

vovovovo vovovovovovovovovovovovovovovovovoo*r-r-r-t>oooo 



oo 






ro • 

mom 

ro hi 



Eh £ 

(NOCN 

Eh 


X! 

•rH 

. . vo 



1 


O 04 o 



>< 


1 i 



O 


o 



i -4 


l 



►4 U 





W o 





Eh co 

04 • 

mom 

04 hi 


CO rH 

Eh £ 

04 O 04 

Eh 


< ° 

-H 

. . VO 



X 1 


o ro o 



—'OJ 


i • 



CTk 


o 


o 

W — • 


i 


04 

Eh O • 





< <H> r- 04 




hi 

►4 o . o\ 

tH • 

LO LO LO 

rH £** 

O 

fXi ^ cn 

Eh £ 

04 04 04 

Eh 


ro rH 

•H 

. . VO 


rH 

Q Eh •• l 


0^0 



W < o o 


1 • 


w 

Eh rH ro 


o 


§ 



1 


Oi 

K CU rH 





Eh 

CO 

X >* N 

W O 

• «. 

>4 S 3 m 01 

H 


§ w 

in 

►4 O *H -H 

>< 


M CO 


a 

< 


Eh 


Hp 4 (D (D 




co 

2 6 4 -> 




W 

»< 2 h (d 





2 3 Eh Q 





VOVOVOVO VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVjDVO 


04040404 0404040404040^040404040404040404040^040404040404 
VOVOVOVO VOVOVDVOVOVOVOVDVOVOVOVOVOVOVOVOVDVOVOVOVOVOVOVO 


oooo oooooooooooooooooooooooo 
vovovovo vovovovovovovovovovovovovovovovovovovovovovovovo 


o 04 ^ VO COOCS^VOOOOOJ^lDCOOOl^VOOOCKN^iVOCOOCS^ 
HHHTHH(Nr40404CNf0r r )< v >mr r |Tl , H 1 ^^ , ^in LO LO 



r-i • co o m 

H c CO O oa 

Eh *H • * VO 

1—10 0 
I 

o 


h ti r-' c v - i—4 co 

rH OJ n LD 

Eh CO CO CO 00 CO 


VOOOVOO\VOCOCTv[> 

OOCnOHCNrO^LD 

ooooocrvcncricncri 


VO f* 00 C\ VO CN ^ 
<7% 0\ O <Ts CTi CO f'- 


1/) CO in CO H O O CO 
CO^tOMnrOHC^ 
vovovomminin^ 


o • mom 
r-i d 

Eh *H • • VO 

no o o 


O En HHU>00\ 
H ^ LO VO CO 00 
Eh CO 00 00 CO 00 


cNvo^r-mt^crtco 

oHtNn^in^ot^ 

c7icr\cno^crvO>cTvO> 


co in vn n (N vo vo 
oocnodcocoin 
(Ti cn o o cr> oo r- 


N»cNmvocr\co[^co 

CTiLOtHCOinrOrHCTi 

vovovoinininm^' 


o 

I 


cn • room 
Eh d vo o cn 

•h • • vo 
moo 

i 

o 


C\ 

Eh 


l ^ w in vu ui ui ri in urri w \u ui n v w w 

ro^vor-oooHCNro'^‘mvor^oocriOHoo<M’^ 

cocococooococpicn<ncr\<n<no\a\crioo<ncO[> 


m vo > o co r* oo 

M^O\VO^HO^h 

io vo in imn in ^ rji 


oo • vjioin oo 

H c, ^org Eh 

*H • ■ VO 

r- o o 


in ococo^coc^com 
tH(Noomiot>o\o 
OOOOOOOOCOCOCOCTi 


hHOTf rOVOlAMnvo 
Hro^invoh ooo\or^ 
CTVOOO^CTSChCTXCTk O 0\ 


t^ocovoinH^coi^vo 

(N^>cgooinfNo^t^in 

cohvovoinininTji^^ 


o 

i 


r- • m m m 

Eh d nj (N N 

•H • • VO 


o o o 

I 

o 



U 1 
£ 
o 


r 

if) 

§ 
t i 


H 

vo • 

mom 


Eh 

Eh d 

eg in eg 

n 

A 


< 

•H 

. . vo 

H 


a 


o o o 

M 


o 


1 • 

s 


p 


o 



w 

p 

a* 

in • 

1 

mom 

w 

J 

D 

pi 


J3 

Eh d 

eg o eg 


O 

•H 

* . vo 



u 

o 


O tH O 

1 • 

V-/ 

O 


s 


o 

g 


w 

i5 

* 

i 

mom 

i 



tH d 

cn in cn 




•H 

• • vo 



O i— I o 


Eh 


vo pt, 
Eh 


LH fo 

Eh 


Eh 


VO (M t s * t'' H VO 

o h co ^ in I s co 
i> r- r- r- 1> [> r- 


inooHoroHco 
cn o cn ro tji in vo 
i> oo co co oo oo 00 


H CO CO (N VO CO o 

r- oo <n oo o\ co co 
oo co oo oo r- i> vo 


C0 O H 00 VO H 
tH 00 LO CO i — I O 

vo vo in in in in in 


i>co^crio^Tj(oooO(Nm^oot^oooococriCNrocsjvorHcrirHroooro 

oooT-d<Npomvor-chOtdcNroLnmi>oooooom<Nc^r^^roTHc7ioo 

^intnininintnininvovovovovovovovovjovovovominimnind"«j 


fHrdoocnvor^r-^Lomco^ tHVH <na\ovococovooooocoaoroi> 
o^ooHojccdunvor-oocnoHHcgdi^coHcgccnoioiHHo 
tH<NCNCNCN(NCNCNCN(NCNCNCOrOCOrOCOCOCOH 1 H»H<^H<^N'^^ 


LnoooTjicoo^^Hvoov^ooojcorgc^HvoHvo^oHcMoocg 

oocoa\cncr»oooHHH(N(Ncnco^ , d'Lnt>o(Ndivot^t^oO(7c7 

HHHHHHHHHHHHHH(N(N(NCNCgcgCNl(N(N 


O 

I 



ro 





CO • 

mom 



Eh d 

cn o eg 


X 

*H 

• • vo 


i 


O CN O 


>H 


1 • 


O 


O 


P — 


1 


P u 




W o 




Eh co 

CN • 

mom 


CO tH 

Eh d 

<N O (N 


< ° 

*H 

• • vo 


2 l 


O CO O 


s -' CN 


1 • 


C\ 


o 

o 

w — • 


1 

<N 

Eh CTi • 




<*> I> CN 




Jo • <J\ 

tH • 

m m m 

O 

Oi Kfi CTl 

Eh d 

CN CN CN 


CO rH 

•rl 

• . vo 

CN 

P Eh » i 


0^0 


W < o o 


1 * 

w 

Eh rH co 


o 

C 

< 

sb,^ 


1 


W Pi H 




£« 

if) 

X >H CvJ 

• <* 

>< & 0) W 

M 


LO 

p o -H *H 

3 


Eh 

Q 

H ft HMD 



O) 

p s e -u 



W 




Eh 

2 3 Eh Q 




co In 
Eh 


vor-t>r'OOooo^OT-icN(N^Ln[>ooooocsiOi-HcM^r-cooocoLr>csj 

vx)vovou5U5vovoc^r^t^c^c^t^c^c^>ooooa\ord<Nro^}‘mvor^oo 

i . — a i i i . — i i i 


CN ft, CNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNrOCO^VOr'CnCN^COtH 

Eh vovovovovovovovovovovovovovovovovovovovovovovovoc^r^oco 


H OOOOOOOOOOOOOOOOOOOOOOOOtHtHrHiH 

Eh VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOV£>U)VOVOVOVOVOVOVOVO\OVOVO 


Eh 


vooooog^vocoooj^vooo 

mLnvovov^vovor-r-r-r-r- 


OOJ^VOOOOOOOOOOOOOO 

OOOOOOOOOOCOOrHCNJCO^LOVOr'OOCO 



-*- 


H • 

co o m 


T~i Ji, 



<H 1 C 

CO O OJ 


! — 1 



Eh *H 

. . VO 


Eh 




iH O O 






o 

1 





O • 

1 

mom 


O fx< 



^H £ 

t> o CNJ 


rH 



Eh -H 

• * vo 


Eh 




CO o o 






o 

1 





CTi * 

ro o m 


a\ ft, 



Eh CJ 

CO O 03 


Eh 



*H 

. . vo 






moo 






o 

i 





00 • 

^roin 


oo ft, 



Eh a 

O (NJ 


Eh 



-H 

. * VO 






t> o o 






o 

1 





r- ■ 

m m in 


tr* 



Eh G 

03 03 03 


Eh 



•H 

• . VO 






o o o 



" 

co 

2 


1 * 
o 
1 

CO 



O 



7 



H 

vo • 

mom 

« i 

m ft, 


Eh 

£-< G 

<N m 03 

M 

Eh 


<c 

•H 

. . vo 

y 



o 


o o o 

ri 



o 


1 

r? 





o 

K 



w 

cu 

LO • 

1 

mom 

W 

a . 
D 

m Pn 


D 

Eh G 

03 O OJ 

Eh 


o 


• * vo 

U 

o 



a 

o 


o rH O 
1 • 



1 


O 

s 



a 

w 


1 

w 



K 



£ 



Eh 

^ • 

mom 

fcH 

^ ft, 


Eh a 
•H 


<N LO 03 
• • VO 

O rH O 


O 

I 


oococr»cr*Lnr-or''inLntnv0o\cNiino\mcnoommcoinr-HLfioLn 

r-rHr-^CNJOCPir- U)in^rO(N(NHOOCOU)lf)^rOCNHHOO^ 
^^rmrOfOCV]^OJ(NJ(N010}(NOJ(NCNHHHHHHHHHH 


CNOqCTiCO^ir)0\^(NHOM^U)ONrOM^HOOr^ClOO{N^Hr^n 

cor^r^^'fN]ooohU)ir>'^f f iojHoocM^UD < ^rocMoqHoo(T\cri 

^^rorOron(N(N(N)(N(NOJCN(N(N(NHHHHHHHHHH 


rHOCOt^rsI(NJVOt-lCOCOOOaiCN'«d‘CO<N^DOO’^'mrOLOC^rOOO-^irHOO 

u)oin(vjooovoin(»)NHoo(j\oocoMr)^nfNiHoo^o\^co 

^^nronrq(NjrqoJ(N(N(N^HHHHHHHHHHH 


OOfVJCO\OH01U)(MHHCjTjlOOHl/)OVOOOOa\HLr>OLnfN10\U)fO 

mr~cNa\r>Lnroo3rHocnaDr'r^vovDLn^<N^HrHoocri^oocooo 


int-coTiHOi-iTatocot^r'Ovr-iTiii^oininovo^inmcor-imovo 

cooicoinroH<j»oovDin^nn<NHHO<»Mn^m(NHHoocn 

^^fOrOnroMOJ{NJ(N(N}(NO}0}OJ(N01HHHHHHHHHH 


or-cxvooocrvrocnr-vor'Ovo^jvo-O'^movo^LnvooorHmoLn 

r-rHr^unrgocrvr-^Lr>Tjtmro<NiHTHOcx>[>Ln^fro(Nr-i»-Hoocrj 

^^0OrOrOrO(\J(N^(M^(NCQCM(NCN(NHHHHHHHHHH 


O(N^V000r0O00000>^01l/)a\CVJV0H01^^0jC0^k0HrJi0\^ 

or-Tji(Nio^a)V£)in^nroo3HHOOoouDir)TjirocNHHoo\cri 

^rOfOrorOOKNJOJOJNMCXNOJOlMOlHHHHHHHHH 


Loinoocr»OtHCvjmr^o^#*r-THU)o^fHLnocor'C^rHror^cNr^ro 

C^moOh>U)in^fOrONHHOO^<^>^^rO(NCNIHOOO\cn 

(N(N(N(N(N(N(N(NOJ(N(NC l <lCNCN(NHHHHHHHHHHH 



CO 




*= 

CO • 

mom 



Eh G 

03 O 03 



•H 

• . VO 


i 


O 03 o 


>H 


I • 


O 


O 


►4 — 


1 


J o 




H o 




E« CO 

03 * 

mom 


CO rH 

Eh G 

03 o 03 


< o 

•H 

. . vo 


2 i 


O CO o 


03 


1 


o\ 


o 

o 

W — • 


1 

OJ 

Eh o\ • 




< dp <N 



ft. 

Jo * av 

r— i • 

m m m 

O 

Ou, nji cn 

Eh G 

03 03 03 


CO H 

*H 

• . vo 

CO 

Q Eh •• 1 


0^*0 


W 2 o o 


1 • 

W 

Eh HCO 


o 

O 

< Eh .. 1 


1 

< 

WDhH 



Cu 

KOiH 




Eh 

CO 

^ t-3 

• s 

>h D 01 W 

M 


in 

iJ O *H *H 




Q 

Is 


Eh 

h a* <d a> 



w 

AS gi) 



w 

2 *h nj 



Eh 

2 a Eh q 




co Pm oooovoooooyjroovoroco^o^ro<MfKNOcriO(Ni/)concomcTi 
Eh aDOHHHHHHOOO\^0\COOOr'hVDl/)rf)m(NHOOai^CO 
H(N(NOJOJMNMWC1HHHHHHHHHHHHHHH 


c\j ft, ^THVDoo^)fNLncocn(^cricrtr^u?^cNOrH^u?cn'^oO'*d<or-o->^H 

Eh OOOHCNfO^^^^^^^rJi^tjt^^rooqHOOaM^CriCOCOOO 

rlHHHrlHHHHrlHHHrlrlHHHHHH 


rH Pm H(NlDCO(NlDt x OOHOJr r irOrOrO(N(NOOOl/)TjtOJHCT\OOt x ^)^0 
£h 'x>vovo^or-r^r-oocooooooacoooooooooooi>i>i>t>r^'4?(x>vovx)^ 


S! 


Eh 


oooooooooooooooooooooooooooo 

oLnoinoinomoLnomotnomoooooooooooo 

<N(Nforo^’^ininv£)U)r-c v 'OOoo<TkcrkO<N^voooofN , ^*vooooo3 

HHHHHfS)(N(N(N f^roro 



rH • OOOIT) 
H C CO O CM 

Eh *H . . VO 
rH O O 
I 

o 

r 


i-ipL, Hcom(^ocoM^ro^H(^c\oahh^y)Ln^^m 

rH o^cocooocot^-r^r^E^'C^'OvovovDvovovovokOkovor- 


o ■ inoio 
H c r- o CM 

£h *h . . vo 
moo 

i 

o 

i 


oft, oovoro(Mc^i>voM*m(MOONcricor^t^vovoLr)Lr)T}iLO 

rH oocooooor-t>r^r-c^r-r'vovovovovovovovovovoc^ 


cn • morn 
Eh d VO O CM 

*H . . VO 
moo 

i 

o 

I 


chfo M»<Mocr»r-vo^comT-io<y»cno\r-r-r-r^vovomm 
£h cococor'r-r-r-i>r'r-r-vovovovovovovovovovor- 


oo • ^ o in 

E-* d ^ o cm 

• rH • * VO 

t> o o 
I 

o 

1 


co ft, cNot>r-voLn^mmrHoocricnoococor-[>c v 'r'Ln 
H cocoi>c-'r-c^r^r-t^c^r-r^vovouDvovovovovovoi> 


r- * m m m 

E-» C CM CM CM 

•rH . . vo 

o o o 


Ua cMcomcMocovomm<Mo<yi<^oo>vomm^^mm 
(H cncooooooor-c^r-r-r-r'vovovocovovovococovor- 



o 

i 


mom 
cm m CM 
• . vo 
o o o 
i • 
o 
I 


mom 
cm o CM 
• • vo 
o rH O 
I • 
O 


mom 
cm m CM 
. . vo 

O rH o 
i 

O 

I 



Hcom(Mo>io^nHoo^cocOhioinin^^foin 

cncocooooot^r-r-r'r-r-vovovo'o^ovovovovovor^ 


m ft* Hoo^oi^hUJ^roH^cooo^hvomin^nfom 
tr* o\oocooor-t^i>c^r-i>vovovovovDvovovocovovor- 


M* ft, 

Eh 


covoojHcoioinno«ooicocohi£)inm^^fOfOin 

cooocooor-r-r-r-r-i^vovovovovovovovovovovor- 



CO 






m • 

mom 

CO pH 




CM o CM 

Eh 


XI 

•H 

. . vo 



l 


o CM o 



* 


1 • 



O 


o 



►J — 


1 



►a a 





W o 





Eh m 

CM • 

mom 

CM pH 


CO rH 

Eh CJ 

CM o CM 

Eh 


3 ° 

•H 

. . VO 



X l 


O CO o 



CM 


1 « 



C\ 


o 


o 

w * 


1 


CM 

Eh cn • 





< dP r- CM 




Ph 

Jo • ch 

rH « 

m m m 

rH pL, 

O 

CU ^3* CTi 

Eh d 

CM CM (M 

E* 


m rH 

-rH 

. . vo 



Q 8h .. i 


0^0 



W < o o 


1 • 


pa 

Eh rH ro 


O 


o 



1 



0 Dt-H 




cu 

K CU rH 






C/1 

X >H tSl 

w o 

•V 

>h r> to w 

H 


S w 

m 

t-J O *rH *H 

X 


H U) 


Q 

3 


Eh 

Eh 

H CU 0) <1) 




0} 

0* x n -»-> 




6* 

< < *h cd 




Eh 

KJEhQ 





^mrHOir-inmmrHocor-r-r-vomm^M’mmm 

oococoi>>r^r-c^r'C^vovovovocovovovovovovor- 


COVD^roHH^COhhCDLn^^nnmCMOHMHm 

c^r-t>t-r-r-vovovovovovovovovovovovovovovor^ 


LOmmmmCMCMCMrHrHrHrHi— IHOOHrHrHOOm 
VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVDVDVOVOC^ 


OOOOOOOOOOOOOOOOOOOOOJ 

ooooooooooooooooooooo2 

M'VDCX)OCMM<VOCOOCMM‘VOCOOCMM , VOOOOCM^2 

mmm^Tjt^^i^mmmmmvovovovovor-rvr-iH 

pt« 



cn • mom 

<N G cn o CN 

Eh -H . « vo 

o mo 

o 

i 


CN pH rHrHOrHOrHrHOOOrH rH O O i— t O O O rH O O t — I t — I O O O O O 
CN VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOV0VOVOVOVOVO 


rH • mom 

CN G CN o (N 

Eh *H ■ * vo 

O CN O 


rH pH CNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNCNnOrorOrON 4 

cn vovovovovovovovovovovovovovovovovovovovovovovovovovovovo 
Eh 


o 

I 


o • mom 

cn G cn m CN 

Eh -h . . vo 

O rH O 


ofri iniruninininininuufty>^vovohh>coo\o(Nc>}^voooorovo 
cn vovovovovovovovovovovovovovovovovovovor-'t^r-r—r-r-cococo 


o 

i 


o\ * mom 

rH £ CN o CN 

Eh *H • • CO 

O rH O 


CT\ 

rH 

Fh 


inmvovovovovoi>c-ocNV 0 omcD^or-cNooo''d*cocNm<x>cr>cn 

vovovovocovovovovot''t''r-'OOcoooa\oorHCNCNro , ^mvovot-''CO 


o 

i 


co • mom 

rH G cn m cn 

Eh *h • • vo 

o o o 


CO pL, <D^Or-N»C£>rHcriO^CNN , 'XiCOrHror^COa\OrOCNCNrHcOCNO(NCnVD 

rH U3y>VOt s ‘OOOrHnl/)C ,s <^rHTjlVOt > *0\H^Lfi|>atrHCN^'Or x ClOO 

Eh HHHHHH(N(NOKN<NronfO(N<NN'N<N<N«N‘N'Ln 


' CN 


l> ■ 

r* c 

Eh *H 


VO * 
rH G 

Eh *iH 


m * 
rH G 
£< -H 


O 

1 


m m m 

CN CN CN 
. . VO 

O O O 

O 

I 


n* o m 
N» o CN 

. . vo 
o o 

o 

i 


mom 
co o cn 
• . vo 


r- Pn 


vo fo 


m Ph 

rH 

Eh 


- 

ro 


moo 

o 



H*= 

Tjl . 

rH G 

mom 
r* o cn 

pt, 

rH 


X 

s 

^ u 

W o 

Eh *H 

. . CO 

moo 

o 

Eh 

- 

Eh m 

m * 

oo o m 

m P4 


CO rH 

rH G 

00 O CN 

rH 


g? 

£h *H 

• . vo 

rH O O 

Eh 



cn 


O 


O 

w — • 


1 


CN 

Eh cn • 





< <#> r- cn 




Ph 

Jo • cn 

CN • 

mom 

CN 

o 

cu r- n* cn 

rH £ 

CN o CN 

rH 


m rH 

Eh *H 

. . VO 

e 

m 

Q E“* •• 1 


O O O 



W < O o 


• 


w 

Eh rH m 


o 


§ 

S ^ r- rH 


J 


Ot 

WOiH 





Eh 

cn 

X ?h m 

w o 

•*. 

>h d m « 

H 


§ w 

m 

(J O ‘H -rl 

X 


h cn 


Q 

3 


Eh 

Eh 

H CU a> (D 




cn 





w 

(2 *H <o 




Eh 

2 3 Eh Q 





miOfOH^H^mO\OHHCTiVOcnOO(NN l OOHH^fOHnOh 
vo co cn m r- r-HN'corH^c^ocNmr^cncN^voooocNromr^ooorH 
rHrHCNCNCNmmm^i'^^rii-^mmmmvovovovovovor-r^ 


r- 0 (Nr-mN<r^vocNN'^'^‘cNoomoorHrovor-r^r^crkr-^voma\ 

vor-mcnmoN»cocNN'r-ommc^cncN^mr-chi-HcN^vor-cno 

rHrHcNmmmN‘N‘N‘mmmmmvovovovovor^r-r-r-r-r '00 


r-r^mN*ONr^oo>N*c^co<nr^^omooomvovomoovoTiivomcn 

vovorHt^(Nt^cNmc^rHN«oommr-cn<Nmmr-cno<NN<Lnr-co 

rHHCNCNmmrn^N«^mmmmmvovovovovor^r-r-r-r'r- 


VOt>C^rHCnrHmVOmVO<T»Oa\mmCO(N^I | VOOrHrHmCNOrHCON* 

vovorHcomo\mr'rHmvoocNmr*' 0 \CN^voooocNromr'CocrirH 

rHrHCNCNmm’N»N<Tj‘mmmmmvovovovor^r'C^r'r-r-r-oo 


vovoovomt^rHm<r»N«mi>m<NoO'^c 30 ocNmvomoovoco^Hvo 

vovocNooN*cr»N*cOrHmr^omvoooocNmc^ooo<Nromr-coorH 

rHrHCN<NmmN‘N<^mmmmvovovovovooc^r'r^c^r^ooco 


vovorHocNLDrHmovor-oot^N’cnvoorHrjtr-r'Vo^vomcnom 

vovocNcnmomo>mvooorHTi<r s *cnrH^vococnrHromvoaocrirHCN 

rHtHCNmmmN<N»^j‘mmmmvovovovovoi>i>r^c^r-r-ooco 


OCNN 1 VOCOOCNN 1 VOCOOCNN t VOOOO(NN'VOOOOCNN»VOCOOCNN < 

HHHdHC}(Noi(N(Nromron( r )N | N , ^^^Lr)mm 





T22 
in . 

LO O LO 
eg o cn 

♦ • LO 

o ro o 


T22 

F 

^ ’OOOOHHOHOOH O H i — 1 rH rH rH rH CM CO ^ LD t'" O CM LO (7\ 
LOLOLOLOLOLOLOVOLOLOLOLOLO LO LO LO LO LO LD LO VO LO LO LO C" £*>•■ C-* 




o 

1 






T21 

in. 

LO O LO 
CM O CN 
. . LO 

O CM O 


T21 

F 

Tj«LOLnLOLOLor-coa\oHCMcomr^coocNcriocNrjiint^i>in^o 

LDVDV£)VOVi)LOVOVOLOC^t v t N *C s *l>r'C N ‘OOOOOOOH(MCON'LnLOC'CO 

rHHHHHHHHH 

— 



O 






T20 

in. 

LO O LO 

CN in CM 
. . vo 

OHO 


T20 

F 

C0HM'^HN l C0CMU)ON‘00N‘00r0C*CM00U , )HC0mV0r'inHinc0 

coo\o\a\oooHH(N(NCNronN'N , ininoorHcoinvot s ‘Coau^(^ 

HHHHHHHHHHrlrHHHrHCMCMCMCMCMCNCMCMCN 




O 

1 




— 


T19 

in. 

in o lo 
CN O CM 
. . LO 

OHO 


T19 

F 

LOV£>C-^LOLOco^HCNrOHHO\ChLOr-OOr-CMCNLn^cnLOCTirOt^ 

OOHCNrO^LOVOt^COCTkOHrHCNrO^LOCnCMrOrOcOCMCMrHHO 

HCMCMCNCNCMCNCNCMCMCMrOCOCOCOCOCOrOCO^'^'^^J*'^^^^^ 




O 

1 






T18 

in. 

LO O LO 
CN LO CN 
. . vo 

O O O 


T18 

F 

r'COCTiCTi’^criCOCOCMVOoaiHOCOrHCOHO^HOLOcOCOincOLn 

HoMtinhoo^HOfoininhoo^oHMovorooMncnH^co 

LOLOLOLOLOLOLOLOLOLOLOLOLOLOLOr^r^C^C^LOVOVOLOLDLOLO^T# 


CO 

Z 

O 

H 

tH 

g 

T17 

in. 

o 

1 

LO in in 
CN CM CN 
. . LO 

o o o 

Ui 

§ 

H 

Q 

o! 

T17 

F 

r-^coo^coi>HOcor-iO(x>Loooor-r-HLr)LOTi<cNroooc- cocm 
CM^LOLOCO cnOCMrO^LOVOr^COCTlHHCnOroOO^HCOLnrOHO 
r-r-r-r-r-r-cococooocx)cocooooocricrioocx)r-vovovoLOLOuoLnio 


o 


o 




- 

w 

fj 

04 

D 

O 

u 

Q 

T16 

in. 

1 

mi o in 

^ O CM 
. . LO 

l> o o 

o 

W 

•J 

CLi 

X 

o 

u 

T16 

F 

ooM | <^o^N t cor^oo^(NinrovoN , r , 'OOLnHC'int v 'OincNincNHfo 

HcO'^LOr^OOO^HHCO^J'inVOr^OOCTiOLOHrOt^COCriLOrOHcnC^ 

cococococoooco<^cf\aic^a^o\cha\cnoc^cor-vovoLnLOLOLO^T^ 

rH 

— 

W 

X 


1 

w 

X 

i 



Eh 

T15 

in. 

CO o LO 
LO o CN 
. . LO 

LO O o 

Eh 

T15 

F 

oinHHino\crvCMLoincoLoa\r'Cha\c^r^co'i<r-cMinvoocncocM 

OHrO^LOLOr-OOHCNcO^LOLOr-OOLOCM'^CO’^Or'LOCMOCn 

oocococooococx)coo\cncricricn<ncricT\a\cTioor*-*LOLovoir>ir)LnLO^ 


o 

I 


CO 

& 

X 

I 

>h 

O 

A u 
pa o 
Eh co 
M H 
! o 
I 

'0* 
CT\ 


O 

CM 


CTi • 
<>P MN 



^ • 
H d 
£h *H 


CO • 

r 1 ^ 

Eh *H 


LO O LO 
[> O CN 
. . VO 

CO o o 

o 

I 


00 O LO 
CO O CN 
• • LO 

rH O O 


O 

I 


cn X >h ta 


H ( 

Eh 


co Pm 

rH 

tH 


Pm 

HO . CTi 

CN • 

to O LO 

CM 

O 

(Xi r- r* eh 

H q 

CM O CM 

H 


CO H 

tH *H 

♦ . vo 

Eh 

vo 

Q Eh " 1 


O O o 


— w 

W < OO 


• 


fcH H CO 


o 



H o 
§ P4 

M 0) 

Eh 


^rHioLOcnrocNjvoo>t>oooocooooooLn^r-oro^[>Loinc^ 

(N^toLor-cnoHCNcoLnLor-r-(TkOocx)'^'Loovo(Na\LO'^cNo 

oococooooooocna\chcT»o>akO\cricrioocrioor-r-u>v£>LnLntr)LnLn 


CNrHLOLO(J\CNrH'<^I>LOr , >LOLOr-^LnCNJLr)CrkCOrHLn 

ro^LOLoocnoHcNoo^LOLooaDcoor^roinoin 

oooocooocooooN<^cy\a\£T\o\o\chcricnocnoor-r^vo 


CO O ro H rH CO 
rH <Ti VO t* <\J O 

vo in lo lo in in 


ocn^cor'Oo^HrooroH(Ntooor'(n(N(Ncr\oo 

^^vor'OOoocjro^iAvot^ooovooh'^voauo 

oocococoooa%o\^o\a\a\0\a>crichooo\oor'-vovo 


o h in ro co ^ 
(N <J\ VO ^ CM O 

vo in in in lo lo 


lflOOO(N^lOCOO(N^U)COO(N^ | VflCOOOOOOOOOOOO 

LnLOvovoLovovor-r-r-t^r-oooococococnoH(Mco’^‘Lnvor^coc^ 




CM . 

in o in 


CM fa 



CM d 

CM O CM 


CM 



Eh-h 

* • VO 


Eh 




o ro o 






o 

i 



— 


rH • 

in o in 


rH fa 



CN d 

CM o CM 


CM 



Eh*H 

. . vo 


Eh 




O CM o 



— 



o 

i 





o • 

in o in 


o fa 



CM C 

cm in CM 


CM 



E-» -H 

• . VO 


Eh 




O rH O 






o 

1 





o\ • 

in o in 


CTi |x, 



rH d 

CM O CM 


rH 



Eh *H 

• . vo 


Eh 




O rH O 






O 



— 


00 • 

in o in 


co Pm 



rH d 

cm in CM 


rH 



Eh *H 

• • vo 
o o o 


Eh 


co 

o 


o 

w 

g 



M 

t> • 

in in in 

M 

l> fa 


£h 

rH C 

CM CM CM 

rH 


< 

Eh-h 

. . vo 

J- 

*-r 

Eh 


a 


O O O 

Ni 

r_ - 



o 


• 

P- 





o 

Dm 



w 

a* 

VO • 

M<oin 

w 

a 

•— i 

VO fa 


D 

rH d 

^ O CM 

►O 

r\ 

rH 


O 

Eh -h 

* . vo 

u 

o 

o 

Eh 


a 

o 


C- O O 



2 


o 

2 


— 

W 

E 

in ♦ 

1 

mom 

w 

I 

in Cl, 


d 
E-» 'H 


^X) O (N 
• . VO 

LO O O 


CMCOCO^rHr^rH^ltmmVOincOrHrHOOr^cnCMHtfOOCMC'^^l'OVinrOO 

cochHf^nco^^^^i^^^Tji^ronojfNHoocnc^cooococo 

HHHHHHHHHHHHHHHHHHHrH 


vDir)roLn^(\imvoo 5 c^uiovofncT\u)Hooooh‘COcnncocNt>rocn 

OOOHHHHOOOO^<^CJ\COOOr s t s 'I Ss lfl^ , fO(NHHOOO\ 0\00 


ocncMCMCMroiniocnf-iTiicriror^CMr^cMinHcricoorHTjoocococo 

oo\o\cohu>in^(^foc>jHHooa\<j\r>u>^ifOM{NHooa\(^ 

f y l(N(^(N(NC v J<NCJ(N<NCJCSCN(NC l iHHrlHHHHHHHH 


ocMvomcocMococoaiovcMinavcMVOrHCMr-^rMroLnr''rH*^CT\Ln 

O^^CMOChOOVOmTjiCOrOCMrHrHOOCOVOLn^rOCMrHrHOCTlCh 

^fOfOron(MN(NJ<N<NCJOI<NCNJ(NCNJ(NHHHHHHHHH 


HOO^OOOC^fOChC^UJC^C^t-lrJiC^rHminOVOl^mvoCDOJVOOVO 

hHMnO) 0 (^>U)in^rOm(NHHOOOMn^n 05 HHOO(^ 


\ohU)M«oH^Hcoooh<^H^t^HLrnnovoininhco(NvoHvo 

aD(NootDroHmcou)io^mro(NHHooOM^TiioocNHHoo(^ 

^^rOrOrOrO^M(N<NOHN(N(N(NCN<NHHHHHHHHHH 


voHU)tn(y|C^(N^‘W^^^'^■<^c^vooLnoou 1 ^'l/)chrocoroo^' , 1 , 

inm^HcouJLOfociHo^oooot^r^^^noiHooc^c^c^ooco 

^nrOfOCNfSIOlCNOJOlOlHHHHHHHHHHHH 


VOrOH<Tir001ir>Hr^VOLnr^a\rH^JiOO<NrOODVOVOOOrH^OVLnrHCX) 

t v -HhnHCT\^VD'^fO(NHOOCriOOOO^'Cl , 00 (NHHOCnO>CriOO 

^^ronn(N(N 010 l(N(NfS(NOJHHHHHHHHHH 


o 

l 



ro 





=#: 

^ • 

in o m 

^ fa 



rH d 

r- o cm 

rH 


X 

Eh-h 

. . vo 

Eh 


1 


ro o o 



>H 


• 



o 


o 



J — 


1 



a 





W o 





Eh ro 

ro ■ 

co o m 

ro fa 


W rH 

rH d 

oo O CM 

rH 


< ° 

&H-H 

. . vo 

Eh 


1 


rH O O 



'***' CM 


• 



O 


o 


o 

W — • 


1 


CM 

Eh 0\ • 





< <#> r- cm 




fa 

i-3 O • <T\ 

CM • 

mom 

CM fa 

O 

CU t-* *3 * a\ 

rH C 

CM o CM 

rH 


00 rH 

Eh -H 

• . vo 

Eh 

r- 

Q Eh •• 1 


o o o 



w c o o 


• 


w 

Eh rH ro 


o 


o 

Eh •• 1 





WDCH 




P4 

Ol rH 






0) 

X >H tsl 

w o 

•** 

>< & 01 01 

H 


S w 

in 

►4 O *H *H 

X 


H 0} 


Q 

< 


Eh 

Eh 

M fa (U <D 




cn 

Oi 2 e 4J 




w 

< < -h (d 




Eh 

2 3 eh a 





(NcnvoTjtc^ocNjc^m^^^r^c^tNijncncrimcncoooocNvorHvooi 

CT>(NCOlOCNrHCht^ 'X)LD'^mCNHHOCnr s 'VD^rO(NCNHOOCT\Cn 
^^ronnn(NCNM(N(N 0103 fN(N(NHHHHHHHHHH 


cor-vo^oo^icjkr^vovooochmvocri^^co^cNf^^vorH^o^LO 

oo(NooinmrHcnr^vom^m(N(NtHoooovomTjtroojrHtHocncrk 

^^TOnmrO(MCN(NO}<NCS(NCNfSCN(NHHHHHHHHH 


c^oovo^orHTjtoooor^cno^c^oLnmovomirit^cocNvoHvo 

oo(NcoinroHa\cou)i/)^mro(NHHocOMn^noiHHooc^ 

^^rmnrOM(NOiCN(NfN(N(N(N(NCNHHHHHHHHHH 


oooooooooooooooooooooooooooo 

OLnoinomoLnoinoLnoLnoinoooooooooooo 

CMCMmm^^mmvovoi>i^cococr\criocM'<*vocoocM^*voooorM 

HHHHH(M(N(N(N(NfOm 


1 


j 


05 • 

LO 

o 

LO 

05 lx. 

co in n h h 

05 d 

05 

o 

05 

05 

OO'OOO 

E-* H 

• 

• 

VO 

Eh 



O 

CO 

o 






o 

I 



H • 

LO 

o 

in 

rH Cm 

vo ro o co vo 

<nj d 

05 

o 

05 

05 

CO CO 00 h o 

E-» *rl 

» 

• 

VO 

E-* 



O 

05 

o 






o 

1 



o • 

in 

o 

in 

o Ex, 

O o CO 05 Oi 

CM d 

05 

in 

05 

05 

cn oo co co i> 


» 

• 

VO 

Eh 



o 

rH 

o 




o 


cnoocouJLn^^^^roroCvjc^oqr-it-HLr) 

VOVOlOVOVOVOVOVDVOVOVOVOVOVOVOVOt— 


TjirsjcNjo^ooc^r^vomiDLOromrofOCNtn 

r-C'-r-vovovovovovovovovovovovovot^ 


[>VO< 3 ‘CO'HOChCr\COt>[>VOVOLn^J 1 '<d<Ln 

r^^r^r^t^c^vovovovovovovovovovor- 


O ' i • lO O LO 

H c 05 O 05 

E-* *H • • vo 

O rH O 

o 

I 


cr> pL* Hooi/)(Nocovr)inc*ic}oa»o^oor s 'r'Voinin^'^in 

tH choooooooor'r^r^t^c^r^vovovovovovovovovovor^ 

Eh 


W 


CO • 

in 

o in 


co Cm 

rH d 

05 

m 05 


rH 

Eh H 

• 

• vo 


Eh 


o 

o o 





o 

1 

01 





v 


O' • 

in 

m m 

2 

l_l 

O' Cm 

rH d 

05 

05 05 

n 

rH 

Eh H 

• 

. vo 

2 



o 

I 


o 

I 


VO • 


o 

in 

a 

vo Cm 

rH d 


o 

05 

v-J 

o 

rH 

Eh *H 

r- 

o 

VO 

o 

VJ 

CJ 

O 

Eh 


W 


in lx, 




rH d 

VO 

O 05 

rH 



Eh *H 

• 

• vo 

Eh 




in 

o o 


— 




o 



co 




kI* Cm 



^ • 

in 

o in 



rH d 


O 05 

rH 


X 

Eh H 

• 

. vo 

Eh 

«r 


CO 

o o 



>H 

o 

dj — 
dl o 



o 

1 



W O 




co Cm 


EH co 

CO * 

CO 

o in 


0) rH 

rH d 

CO 

O 05 

rH 


< o 

Eh -H 

• 

• vo 

Eh 


^ CM 

o\ 



O 

w — • 

— 

05 

£h 0 \ • 
rfdPhC ' 5 



do • CO 


o 

a, ^ o\ 

CO rH 


CO 

Q Eh •• 1 
W I< o o 


W 

Eh rH ro 



£5 ^ ^ rH 


A, 

« CU r-H 


*». 

b 0 ) 0 ) 


in 

dl O *H *H 



Q 



H CU <D CL> 


co 

A, 2 g 4 -> 


w 

< 2 *H ftf 


Eh 

2 J Eh Q 


o 

i 


05 • 

LO O LO 

05 Cm 

rH C 

05 O CN 

rH 

£h -H 

* . VO 

Eh 


O O O 



O 



CO X >* ta 

H 

3 


§ w 

H CO 
E-* 


oicOLnnHoor'innoiHo\o\ooc^c^iou>inTit^iin 

o>cooooooor^t^r^r > ‘r > r ,, ‘CD v ^ , ^o^ > '^)'^)'^^ D ’ <c, ^ :) c^ 


05 coinrorHoot>tncoo 5 rH<Tio\cor-o~vDin''tf^^Ln 

o^oocoooooi>i>i^r- 0 't>vi>vovovovovovovovovor- 


<Nor^voLn^roror-iococoo\cor-r-vovovoLnLnLn 

oooot^r^c^r^r^c^r^r^vDioujvovovovovovovovor^- 


’^c^oooioin^focsoaioococor'r^io^imo^M/) 

coooooc^r-r-r-t^r-c^vovoiovovovocovovocovor^ 


coioojHcD'DinronH^cococot^ioinin'^^^Lr) 

cocooooor-r-r'-r-c^r'VovovovoiAiAiovovovovoc'- 


Hco^oiohvo^focio^^oot^^ifnri^^roio 

cr\cooocooor'r-r~r-r-'Ovovovovovovovovov£>voo' 


CNOOLnrOrHOOt^inr003rHO\eiOOr'r‘COir>'^*^^LO 

choocococor-r'-r-t^t-'r-vovovovovovovovovovor' 


OOOOOOOOOOOOOOOOOOOOOJ 

ooooooooooooooooooooo 2 
^VOCOOfvJ^^COOO}^'DCOOCN^^COO(N^S 

CM 




crio\o\cr t c^c^a^^cr>ch<T>cr\a>crv<no>cxicr»cri<Ticricrvcr\cricncrvo'icn 

inmLn^LnLnmLninin^Lnini^ini/unininLriinLninmim^Lnin 



cnc^^criC^c^cncricncricrio^chChc^cTkCrvcrkcriCTiCTvChcrvc^cricricricrv 

inLninuu^imnLoininir)mininu)minu)inLfiLoiniAimninirnn 


t^r^r^oovDi>i>vD^Tj«<T\cncrvoocric^cnr^'sOoovx)^i>u)^ocricn^ 

Lfuriminininmininininini/uninmimnininimninimnininm 


iniDimiunminmioinininmininuH/unin^min^invoinmu) 


o\ • 

LO O LO 


o\ Cm 

cn n 

CN O CN 


cn 

Eh *H 

• • VO 

O rH O 

o 

1 

CO 

o 

Eh 

CO * 

mom 

2 

M 

o 

oo Cm 

<n a 

CN O CN 

cn 

Eh 'H 

* • VO 

O T— 1 O 

3 

Eh 


r- • 
cnj a 
Eh *H 


u> . 

cn a 

*H 


LO LO LO 
CN CN CN 
. . 10 

r- ^ o 

o 

I 


vo 10 in 

LO CN CN 
. . 10 

CO ^ O 


r- Cm 

CN 

Eh 


VO Cm 

<N 


roro^N«^’'3<r*^v0coo^co<Ni>cocnvocoocr>vocNOcr\cocor^ 

U3LOLDLOLDl0L0V0l0V0r-r^r-OOCO<TvO^OHCN|CNCOrJ«LnLOL0C^CO 

HHHHHHHHHHH 


fOfo< Y mco^^i/)^o\H^o\^oo^ooo^csoco^o}Hoo\o\ 

«0i0voiovov0Lovov0L0C''t^*c^cooocy\ooH<Ncoco^Lnv0r^r-oo 


HHHOOOHHOHOHHHHOOOrlHrlHHHHHHH 
VOIOVOV0V010101OVOVDVOVOVDVOV0VOVOV0VOVOIOVOVOVO V0 VO VO VO 


cr»chcrkchcrio^cr\cr>o^cncricoa>cho\c*a\(yicri0ocrioochcr\ocri 

inioioioioioioioinioioinu>iOLOintOLnLnv0L0Lr>v0i0ioLOLoio 


CO 

& 

X 

t 

>< 

O 

i-3 <— * 

M o 

pa o 


o 

CN 

Cm 

O 


Pa 

< 

CM 



LD • 
CN C 
Eh *H 


LO LO LO 
CN CN 03 
. . 10 
0^0 

o 

I 


to Cm 

(N 

Sr* 


£h ro 

^ • 

O LO LO 

^ Cm 

CO tH 

CN C 

tO CN CN 

cn 

E (HA 
(92-0 


* » VO 

ro ^ O 
1 

o 

l 


Eh C\ • 

< oip r- cn 

MO • <J\ 

ro • 

LO LO LO 

ro Cm 

0* rfi a\ 

CN C 

CN CN CN 

CN 

CO tH 
Cl Eh 1 

w < o o 
Eh tH ro 

*H 

. . vo 

O 

1 

o 

1 

E* 

KOiH 


CO 

X >H ta 

H o 

>i b oi m 

H 


§ W 


H CO 
Eh 


cncriONcr\cTscrkCno^a\crkcrk(Ticr l cricrt<rk<j\CPka\CT^cocnocr.cr\C7>crkCri 

LniOlOLOLOLOLOlOlOLOlOlOlOtOLOLOLOlOlOLOLOinLOLOLOLOLOlO 


(Tia\(^cn(TiCT\a\criC^o^CF\cncric^<Tioooooooooooocri 

LOIOLOIOIOIOLOLOIOIOIOIOIOIOIOV0LOVOVOLOLOLOLO\X>L0LOLOIO 


oooooooooooooooooooooooooooo 

VOVOIOIOVOVOVOIOIOVOVOVOV0V0V01OVOVOVOVOVOVOVOVOVOIOVOVO 


0(Nl^tlDOOO(N^U)000(NI^VOOOO(N^VOCOO(N^«)OOOtNTit 

rHrHrHrMi-HCNCNjCNCNCNrOCOrOrOCO^^T^^^LOLOLO 



Eh 

w 

A 

E* 

D 

O 


<T\Ch cncncTiC^a^cricr»cnc^c7\cr\<TkCrs<Ticnc^crkC^aNtT.cr k (T\ cr* cr\ Ch 

LOLT) Li^UlLOLnU^LnLnLnLOLnLOLOLOLOLriLnLOLnLOLOLOLO LO LTl LOLO 


EH Pn Ch ch <J\c>a\cr\CTiCT\cnc^c^cricricrtcrio^cT»ocr\o^a>cricr4cr> ct\ cri cti ct» 
ClJ LnintnLnLnLnLnLnininininLninintnLnvointnininLninininLnLn 

£ 

H 


0 $p 4 y>vooooooooc^oochvx)i>r-mr^ooo>oa><rkr^ookD^^»t^ , ^co^i' 
W inin^ifunmLnimninimmmninm^inininininiAiD^inLnir) 

a 

H 



loininininvoininLnvointnLninininLnininvoininintn vo vo vo u? 


o 

CM 

Pk 

o 


w 

o 

g 


in 

Eh 

co 

w 

Eh 


co 


04 


Ch • 

in o in 


<n ft r 

CM d 

CM o CM 


CM 

£h -h 

• . ix? 

O tH o 

o 

CO 

O 

Eh 

00 * 

m o in 

53 

OO ti 

CM d 

CM o CM 


CM 

Eh -H 

• . <o 

O rH O 

1 

o 

W 

Eh 

l> • 

in in in 

04 

D 

r\ 

r- Pt4 

CM d 

CM CM CM 

CM 

Eh *H 

• • IX) 

r- ^ o 
o 

i 

U 

u 

0 

w 

K 

Eh 

CO * 

vo in in 

Eh 

vo Pu 

cm d 

in CM CM 


CM 

Eh *H 

• . V o 

CO ^ O 

O 


Eh 

in • 

in in in 


in 0 , 

cm d 

CM CM CM 


CM 

Eh *H 

. . KD 

0^0 

o 


Eh 


I 


^ • 

0 in in 

^ fl 4 

cm a 

in CM CM 

CM 

Eh -H 

. . KO 

CO ^ 0 

0 

1 

Eh 

CO • 

in in in 

CO ft, 

cm d 

CM CM CM 

CM 

Eh *H 

. . vo 
^ 0 
1 

0 

Eh 


I 


u>iovoininin*«^^j>^j*rjirororocNr^or'ioooro<Nin^a*<T» < «^as<N 3 vx) 
C\ O H(Nf 0 ^l/W>t^C 00 \OH<Nf 0 ^^in(n 01 r 0 r 0 r 00 J(NHHO 
rHOM(MCNCMCMCMCMCMCMCMrorororocorococo^^-M*''tf^iT*T*^t<^ 


oooooor'OOhM^u)x>v£)immr)^moa\oinincou)roco(NLr)o> 

moHfMn^Ln'xr'CO^OH{Nro^Lm J no(NrOfOnrooj(NHo 

H(N(N(^(NCN<N<N(N<N<Nronroronnf 0 ^^^^^^n'^^Tji 


HrlHrlrlHrlrlrlHrl t— I HHrlHHHHrlrlHHH t— I H H CN 

loiovovovovovovovovovovnvovovovovovoioiovoiovovovovovovo 


ochc^cnoa\ooocrioc^oooooo(T>oo\ooooooo 

lOLninLnvoLnvovovoLnvDinvovovovovoioinvDLnvovovoiovovovo 


o%o^o\a\^(^o\aioo^o^ocrio\(^oocri^o^(yiO\ooooo 
in LnininininininmLninvoinininvovointnioinLninvovovo 10 vo 


OOOa>OOOOOOOOOOOOOOOOCPi<TkOOOOOO 

VOVOVOinvoVOVOVOVOVOVOVOlOVOlOVOVOlOlOVOininiOVOVOVOVOVO 


000000000000000000000000000<H 

^OIOIOIOIOIOIOIOIOIOIOIOIOIOUJIOIOVO^IOIOIO^IOIDIDIOU) 


CO X >H to 

H 

9 


H CO 


Eh 


iocoon^y)cooM^U)oooN^\oooooooooooooo 

ininvou 3 vovovor-r-t"“i>r-oooooococo<T»o<-icMoo^Lnvo[>cocr» 



RAPIDLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 70% (92-0130C) 

Time is 17:10:34.79. 

Date is 1-30-1992. 


cho^c^cTichCicncTiCOc^cncncriOoc^cncTkOoa^cricria^cnoc^criCPiO^ 
LniniriininirimininLnimmniriLnunimnimninLnLnujirMr) lolo 


cna^cTto^c^criChcricncrkcrvcTicTkChcricria^ooocrka^c^aiOcncnc^o^ 

LO LT) LO LO LO LO LO LD LO LO LO LO LO lO LO LO LO LO VO LO LO LO LO LD LO LO LO LO 


ovoooa^ootninri*r^Lnr'^oooinoo'^crioo^«voooocoLnt>vo<nt^ 

MJLnLninimninminininininiDLnimnLninLnvoinLni^LnLntDLn 


LOLOLOLOLOLou>LotoLOV0LovovovoLOLOLor~vor'*voc^oor^r"Vor‘ 


LO O LO 
OJ O (N 
• • LD 

O rH O 


C\Cntl1^^DHCO'Din^)COOrOU)OinO>HLn(NHHmU3ChrJl o\ ^ 
c^u)^(NO(DhU)u , )Tfroroc^HHocrioou)Lr)'^n(NHoo Oicrv 

nnmrOro(M(N(NfNl(NCM(N01(NfN(NHHHHHHHHHH 


mom 
oq o (N 
. . LO 

O rH O 


noii>u)cocqo\t N voc s a>HTiir s ‘H\ocnHvoroHrqfovoo^o\^ 
or-^(Noo^r , *u3in^nn(NHHoo\oou3Ln^rocqHHo a\ cn 
^Oir<)nrOCNCN(N(N(NCNOqOJ(N(N(NHHHHHHHHHH 


CN*^LDCTvrHrOOO'H«lOLnLDLOLOrll^i’KatrOrHrHCrkCOr't^-I^LDLOTj'^J< 
vovovDLot^r^r-r't^t^t^r-t^r^r^c^r^t^r-vovDVDLOLovovo lolo 


ocNLOoror^crirHCNm^^^^KjiroroocoLOfOtHoscncor- in lo 
LDLOLOor^t^r^ooooaDoococooooooooooor^or^t^LOLo^LDLOLo 


oojvocnrohcnHM^imruninimn^oqoooiDroojHcooo^vo 

VDLDLO'OC>-[>£>OOOOOOOOCOCOOOOOOOOOOOOOC^r-r-r-C^LDLOLOLD 


0(NLOOO(NlOCOO(Na(N^^^TjlTj»oorOOCriLO^(NHOOOr> LD LD 

voLDLoior-r^r-oocooooococooooooooooor^r^r-r-r-r^LOLovoLo 


THCNLOLDCrkrHrOrO'^lOr^r^t^VOLOinTjirOiHOChOOCO[>LOLntO’^ 

voLOLDLDLDr^r^t^r^r^t^r^t^r^r-r-r-r-r-t^voLDUJkOLDLOLOLo 


WCJ oooooooooooooooooooooooooooo 

S W OLOOlDOLDOLOOlOOLOOLOOLnOOOOOOOOOOOO 
MC/} <NCNCQCO’<1'^IOLnLOVOt^C^COOOCTia'\OOl*d*LOOOOCN’^L£>COO<N 
^ HHHHHoqrqcq(N(Nnro 



Eh 

w 

Eh 

D 

o 


&• 


cna^cnmcncricnocncricncncricrima^a^c^c^chcnir) 

iriLnininininin^mininuunininLnini^inuHn^ 




cncricrkCricrka^a^ochavcricriGOcncncriChcncncriC^Ln 

LOinmiOLniDinvoLnininLnLnLnmininminintnr- 


a: 

w 

M 

a 

o 


oouDCT\CT\cx)vx)t^Lnro^vor'r-voaNor--Lr>cr>a\U)Ln 

ininini/HninwinmininmLnimovoinminminh 


Ph t''-r*'CDvor'*c*'Voi>c ,, 'r , 't' , 'CovocDi>c*'*vor ,, 'CococoLri 


o 

o 

ij 

w 

a 

D 

O 

O 

O 

§ 

H 


T29 

in. 

mom 

(MOM 

. . vo 

O rH O 


T29 

F 

C 5 t-'^J l rHCv0 N -^r0rHO0000r^V0V0l0^'^l'r if >r003L0 

(JVOOCOCOOOOOOOVOVOVOVOVOVOVOVOVOVOVOO 


o 




T28 

in. 

1 

LO O ID 
03 O 03 
* • VO 

O rH O 

CO 

S 

H 

a 

ss 

T28 

F 

or-* ^rHcrvO' ^rorHcnoocor'LOvoin^^rofoojLO 

cT\oococoo't>0'r-r-vovovovovovovovovovovovot^ 


1 

O 

a 




r- • 
<n g 

Eh -H 


VO . 

03 G 
E* 4 *H 


LD LO LO 
03 03 03 

• . VO 

r- ^ o 
o 

i 


VO LO LO 
Lf> 03 03 
. . VO 

ro ^ o 


t** fin ^^nOOMCJnOKNOirjHrlHHHHHHHm 

CM VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOO' 


VO p4 
03 

Eh 


^oo(N(N(NH(NOHooooooooa\aiC^m 

VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOlOlOLOr' 


co 

=fc 

LO • 

LO LO LO 

LO pLi 

X 

>H 

o 

J — 

03 G 

03 03 03 

03 

Eh *H 

• . vo 
o-^o 

o 

1 

Eh 

|J o 
W o 

EH CO 

Tjl . 

o lo in 

^ PL( 

0) rH 

03 G 

LO 03 <M 

03 

a? 

^ 03 

Eh H 

. . vo 
ro ^ o 
1 

Eh 


O 

cn 


o 


03 

W — • 


1 



Eh cn • 




Ui 

<< <#> O' 03 




O 

Jo • <Tk 

CO • 

tninin 

CO pL, 


ou ^ cn 

03 G 

03 03 03 

03 

03 

CO rH 

Eh ’H 

• . VO 

Eh 

rH 

Q Eh 1 


0-^0 



WCoo 


1 


W 

Eh rH ro 


o 


O 

< 

a r-"rH 


1 


Cu 

KftH 





. £ 

01 

X >H £S3 

W o 

•*. 

>h D tn to 

1— 1 


g w 

in 

J O -H -H 

X 


H C/1 


Q 

■< 


Eh 

Eh 

M Oi (1) Q) 




e/i 

D, S g 





l/)^^0(N(N(N(NrlHrlOOOOOOOO\0\Cril/) 

VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOIOLOLOO' 


in^^OrOMOlOlHHHOOOOOOOOOOin 

VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVO|> 


^^nron(N(NrO(NC3C3HHHHHHHHHHin 

VOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVOr^ 


ooooooooooooooooooooo*J 

ooooooooooooooooooooo2 

^VOOOOOq^VOCOOCM^VOOOOCM^VOOOOCM^fSS 

coroco^^^^^LOLniniOLDvovovovovor-r-r-H 

pL, 


B 



RAPIDLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 70% (92-0130C) 
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RAPIDLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 70% (92-0130C) 

Time is 17:10:34.79. 

Date is 1-30-1992. 
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TEST 5; PAGE 20 OP 20 

RAPIDLY HEATED PLATE (HASTELLOY-X #3) 
LAMP OUTPUT AT 70% (92-0130C) 

Time is 17:10:34.79. 

Date is 1-30-1992. 
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